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ABSTRACT

Ribosome-associated non-coding RNAs (rancRNAs) are a recently discovered class of small RNA
(sRNA) that regulate translation via direct interactions with the ribosome. rancRNA-dependent mechanisms
have been confirmed in all domains of life but are poorly understood in bacteria. Since the ribosome is
highly conserved among the three domains of life, common rancRNA mechanisms likely exist. To identify
such potential regulatory rancRNAs, the sSRNA pools of Escherichia coli ribosomes isolated under different
stress conditions were analyzed using next-generation sequencing. Bioinformatic analysis detected 67
sRNAs, including eight novel sRNAs. In parallel, rancRNA candidates were identified using previously
published RNAseq datasets. One candidate, rttR, was confirmed to preferentially bind to the 70S ribosome
in vitro. However, rttR does not influence protein production in vitro or in vivo. Structural in silico analysis
predicts that rttR interacts with 16S ribosomal RNA helix 17, suggesting a function for rttR during ribosome

biogenesis, which requires further investigation.
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CHAPTER 1: Introduction

Gene expression is a highly regulated process that occurs in all living cells. One of the later steps
in gene expression is the process called translation. This step is ribosome-dependent and results in the
decoding of messenger RNA (mRNA) transcripts into their corresponding protein. Previous work has
identified several factors that aid in the regulation of translation, one of which being small non-coding RNAs
(sncRNAs) (2). sncRNAs have been shown to interact with mRNA transcripts in multiple ways, resulting in
mRNA degradation, translation initiation inhibition by base pairing, and recruitment of chaperones like Hfg
to sequester mMRNA (3-6). Additionally, sncRNAs have been found to aid in adaptation to stress conditions
such as temperature, nutrient starvation, or osmotic effects through the regulation of translation (7, 8). While
the majority of research has focused on sncRNA:mRNA regulation, tRNAs have also been recently found
to be regulated by sncRNAs (9, 10). However, the regulation of the ribosome itself by sncRNAs is only
poorly understood (11, 12).

In 2012, a new class of sncRNAs was identified by Norbert Polacek and called ribosome-associated
non-coding RNAs (rancRNAs) (13, 14). These rancRNAs have been found to directly bind to the ribosome
and regulate translation (12, 15). An overview of characterized rancRNAs is shown in Figure 1.1.

In Haloferax volcanii, a 5 tRNAVa fragment was demonstrated to compete with mRNA for binding
in the mRNA channel under alkaline stress (14, 16). Interestingly, the tRNA fragment was shown to interfere
with both eukaryotic and bacterial ribosome functions, suggesting conservation of this mechanism across
the domains of life (16). Additionally, rancRNA_s194 was found in an intergenic region in H. volcanii that
inhibits protein synthesis in vitro, but specifically regulates and represses translation of the mRNA cstA
under xylose stress in vivo (17).

rancRNAs have also been identified in several eukaryotic organisms. In Saccharomyces
cerevisiae, rancRNA_18, an mRNA-derived fragment from the TRM10 gene, has been shown to be
upregulated under hyperosmotic stress and to compete with tRNA binding to the ribosome (18, 19). Also in
S. cerevisiae, several tRNA-derived fragments (3’ tRNAHs, 3" tRNALeu, 3 tRNACY, 3’ tRNASer, 3’ tRNATH, 5°

tRNAHis) have been shown to interfere with global translation and can impact the ability of tRNA aminoacyl



synthetases to interact with the ribosome under heat shock, cold shock, acidic, basic, hyper/hypo
conditions, UV exposure, and nutrient limitation (20, 21). In the eukaryotic protist Trypanosoma brucei, a 3’
tRNAT half has been characterized that stimulates MRNA loading to the ribosome under nutrient starvation
(22). Other small RNAs (sRNAs) have been found to simultaneously bind to mRNA and the ribosome in T.
brucei as well (23). Furthermore, a proline 5’ tRNA half, termed ProTiP, has been found to bind to 60S
ribosomal subunits in several mammalian cell lines (CHO-K1, HelLa, HEK) and cause stalling and the
accumulation of a peptidyl-tRNA (24). Lastly, 5" tRNAA2 fragments downregulate global translation in vitro
in Arabidopsis thaliana, but the same effects could not be confirmed in vivo (25).

More recently, a rancRNA has been identified in bacteria for the first time. In Staphylococcus
aureus, the 5’ end of SprF1 RNA, a member of a toxin-antitoxin (TA) type | pair, can inhibit translation
globally (26, 27). Preliminary work suggests that Escherichia coli SRNAs may be acting as rancRNAs in
stationary phase (28). However, validation is required for these findings. In summary, rancRNA
mechanisms are poorly understood and are weakly characterized, particularly in bacteria. Furthermore,
although evidence exists for conservation of eukaryotic and archaeal rancRNAs in bacteria, no mechanistic
information is available that confirms such a regulatory role (16, 18). Because the structure of the ribosome
is highly conserved between the three domains of life, it is likely that there are evolutionary reasons for
preserving this class of sncRNA (29).

To this end, we explored how rancRNAs may be functioning in bacteria, using E. coli as a model
organism. Re-analyzing existing RNAseq data, we identified rancRNA candidates (arcZ, omrB, rprA, rttR,
rybA, and tpke11) from existing annotated sRNAs for experimental validation (30-32). Primarily
characterizing rttR, | demonstrate that rttR preferentially binds to 70S ribosomes with nanomolar affinity but
does not bind to 50S or 30S ribosomal subunits. However, rttR only minimally effects protein synthesis in
vitro and likely does not affect global translation in vivo. Further work is required to determine if rttR can be
classified as a rancRNA as well as its mechanism of action.

In parallel, sSRNAs were isolated and enriched from 70S ribosomes and 50S and 30S ribosomal
subunits from cells grown under various stress conditions. Using DESeq2 and Rockhopper bioinformatic

analyses, 14 ncRNAs and 67 ncRNAs were identified, respectively. Intriguingly, eight non-annotated



transcripts were detected using Rockhopper. Further in silico analysis will be required to determine

candidate ncRNAs for experimental characterization.
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Figure 1.1. Overview of known rancRNA mechanisms. rancRNAs have been discovered in all three
domains of life: eukaryotes, archaea, and bacteria. In eukaryotes and archaea, primarily mRNA and tRNA-
derived fragments have been identified as rancRNAs and to downregulate translation by blocking a tRNA
site (rancRNA_18, 5 tRNAP© half) or the mRNA channel (3’ tRNAHs fragment, 5 tRNAA2 fragment, 5’
tRNAVe fragment, rancRNA_s194). Positive effects on translation where mRNA loading is stimulated by
rancRNAs has been observed in Trypanosoma brucei. In bacteria, SprF1 RNA, a toxin-antitoxin RNA, is
the only known rancRNA where translation inhibition occurred under osmotic stress.



CHAPTER 2: Non-coding RNAs: What are we missing?

Reprinted with permission from “Non-coding RNAs: What are we missing?”

Carvalho Barbosa, C., Calhoun, S.H., and Wieden, H.-J. “Non-coding RNAs: What are we missing?”
Biochem Cell Biol. 2020; 98(1): 23-30.

2.1: Abstract

Over the past two decades, the importance of small non-coding RNAs (sncRNAs) as
regulatory molecules has become apparent in all three domains of life (archaea, bacteria,
eukaryotes). In fact, sncRNAs play an important role in the control of gene expression at both the
transcriptional and the post-transcriptional level, with crucial roles in fine-tuning cell responses during
internal and external stress. Multiple pathways for sncRNA biogenesis and diverse mechanisms of
regulation have been reported, and although biogenesis and mechanisms of sncRNAs in prokaryotes
and eukaryotes are different, remarkable similarities exist. Here, we briefly review and compare the
major sncRNA classes that act post-transcriptionally, and focus on recent discoveries regarding the
ribosome as a target of regulation and the conservation of these mechanisms between prokaryotes

andeukaryotes.

Key words: non-coding RNA, ribosome-associated non-coding RNA, translation regulation, bacteria.

2.2: Introduction

The term gene expression commonly refers to the process whereby the information encoded
in DNA is converted into a messenger RNA (mRNA) copy, which is then translated into the
corresponding protein (33). It is a complex, multi-level, and tightly regulated process fundamental to

the development, homeostasis, and adaptation of all living cells (34, 35).

Gene regulation can be described as the processes that modulate the expression of a
specific gene, or group of genes. It directsthe efficient use of cellular resources and, in multicellular

organisms, it defines the cell type, function, and structure (36). The regulation of gene expression



influences variousbiological processes and requires high fidelity and precise control. Even unicellular
organisms use their genes selectively. It is wellrecognized that regulation of gene expression can
occur by multiple mechanisms at several levels, and that misregulation isusually associated with
physiological and developmental dysfunctions (33). For example, the misregulation of the
transcriptional factor NF-KB has been linked to different diseasessuch as arthritis, asthma, and cancer

(37).

Transcription, the synthesis of an RNA copy of the DNA, is the primary regulatory point in
gene expression. The diversity, complexity, and variability of transcriptional regulators is vast, and
they are present in all domains of life. Historically, transcriptionalregulation has received the most
attention (33, 36). However, post-transcriptional regulation, which includes translational regulation,
adds additional points of control and complexity in the pathway from DNA to protein. Indeed, there
seems to be a high level of coordination and interdependence between transcriptional and post-
transcriptional control (36). For example, the activation of the conserved signaling target of rapamycin
(TOR) pathway causes changes in transcription and subsequently affects the remainder of gene
expression, activating metabolic pathways for cell growth, and coordinates ribosome and protein

synthesis under nutrient and growth stress (33, 36, 38).

Translation, the synthesis of proteins using mRNA as a template, is one of the later steps
during gene expression, and is a keycomponent in its control. Protein synthesis is a highly energy-
intensive process and, therefore, requires tight regulation (39). The consumption of energy by protein
synthesis can reach 50% of the energy generated by rapidly growing Escherichiacoli cells and 5% of
the human caloric intake (40). The regulation of translation allows rapid and flexible changes in gene
expression, and is used by cells and organisms to respond to intra- and extracellular signals, such
as nutrient supply, hormones, and stress, thus playing an important role in modulating different

biological processes (41).

Organisms have developed a variety of regulatory mechanisms to fine-tune protein synthesis

(39). These include structural features, such as the addition of a 5 7-methyl guanosine cap and a



poly(A) tail in eukaryotes, or regulatory sequences including the 5’ and 3’ untranslated regions within
the mRNA responsible for its translational fate, phosphorylation of initiation and elongation factors,

and regulatory non-coding RNAs (ncRNAs) present in both eukaryotes and prokaryotes (41-43).

In addition to acting as intermediate carriers of genetic information, RNAs play key structural,
catalytic, and regulatory rolesin the cell. Over the past few decades, a fast-growing field of research
regarding regulatory non-coding RNAs (ncRNAs) and their involvement in the control of gene
expression, including translation, has developed. Since the first description of an mRNA-interfering
complementary RNA in 1984 and microRNAs (miRNAs) in 1993, several lines of evidence, from
bacteria to humans, have implicated riboregulators as mediators of gene expression at the post-
transcriptional level, through both mRNA stability and translation regulation (4, 12, 44, 45). The
prokaryotic genome is composed primarily of protein-coding sequences, with non-coding DNA
reported in the range of 1% to 15% (46-48). In contrast, only 2% to 5% of the eukaryotic genome encodes
proteins, while the remainder has been found to encode for non-coding RNAs (46). Regulatory
ncRNAs are now recognized to be powerful andimportant translational regulators. A large number of
studies has revealed an abundance of ncRNAs and several different mechanisms of regulation
exerted by them. Nevertheless, a plethora of new fragments and potential mechanisms continue to
be identified in all three domains of life (archaea, bacteria, and eukaryotes). It is likely that the variety
and functions of these ncRNAs is underestimated, with mechanisms still unexplored. While similar
ncRNA regulatory mechanisms have been identified in the three domains of life, there are noticeable
gaps, especially in regard to the ribosome being the direct target of ncRNAs. Given that the ribosome
is highly conserved amongst the three domains of life, we hypothesize that mechanisms that regulate
expression at the ribosomal level exist in all domains of life, but might have gone unreported so far
for some of them. In this review, we highlight the roles of ncRNAs involved in translational control in
both prokaryotes and eukaryotes, and compare their mode of action focusing on recent discoveries

in relation to the ribosome as the primary target of regulation.



2.3: Translational regulation by ncRNAs

Non-coding RNAs are a heterogeneous class of RNA molecules present in both prokaryotes
and eukaryotes that do not encode for a protein, but that are functional within the organism. Although
a variety of ncRNAs have been identified, characterizationand systematic description of these ncRNA
species is lagging behind. Among the ncRNAs, long non-coding RNAs (IncRNAs) are classified based
on their length (greater than 200 to 300 nucleotides)(49). They have been identified in both eukaryotes
and prokaryotes and have been shown to regulate post-transcriptionally bytargeting the mRNA transcript
(50, 51). However, IncRNAs have been found to be poorly conservedby comparison with other RNAs,
and recent studies are exploring whether this ncRNA species is truly “non-coding” in all cases (52-
54). Aside from IncRNAs, other ncRNA species have been identified and mainly classified based on
their length, called small non-coding RNAs (sncRNAs). Figure 2.1 summarizes the classification and
processing of sncRNAs. Short interfering RNAs (siRNAs) and microRNAs (miRNAs) in eukaryotes and

small RNAs (sRNAs) in prokaryotes are thethree most extensively studied classes of sncRNAs.

miRNAs and siRNAs are RNA transcripts of approximately 21 to 26 nucleotides (nt) in length
and originate from larger RNA precursors. These sncRNAs are considered key regulators of gene
expression (55). It has been suggested that, in higher order eukaryotes, more than 60% of all MRNAs
are regulated by miRNAs (56-58), and humans express over 1000 different miRNAs. These short
RNAs control gene expression by base-pairing with specific mMRNAs and controlling their stability and
translation. Although miRNAs and siRNAs are functionally equivalent, they can be distinguished by

their mode of biogenesis and target complementarity (55, 59).

miRNAs are generated from an endogenous single-stranded precursor that forms a double-
stranded stem loop and is then processed by two endonucleases, called Drosha and Dicer. The
miRNA associated with Dicer and Argonaute (AGO) proteins forms an RNA-induced silencing
complex (RISC) that guides the translational inhibition or cleavage of target mMRNAs through the

action of AGO proteins in a sequence-specific manner (56, 60). miRNAs show partial



complementarity to their targets, making them especially useful translational regulators, since a

single miRNA can regulate different mRNA targets.

In contrast to miRNAs, siRNAs are usually exogenous moleculesderived from viral particles,
transposons, or transgenes, and are perfectly complementary to their mMRNA target (58, 60, 61). They
were originally discovered in plants, where they were shown to be involved in post-transcriptional
gene silencing and predominantly in response to viral infection. Despite the differences, processing
of both miRNAs and siRNAs is dependent on Dicer, and theirregulatory function is exerted through
the same RISC components previously identified for miRNAs (60). The presence of a foreign
double-stranded RNA triggersa protein complex containing the endonuclease Dicer, which cleaves
the RNA into short fragments. The short fragment is then loaded into RISC, which discards one strand

and uses the remaining strand to target foreign mRNA molecules for degradation.

In contrast to their eukaryotic counterparts, prokaryotic sRNAs usually lack processing of
primary transcripts and vary in size andstructure (62). Typically, SRNAs are smaller than 300 ntin length
and fulfill a variety of important regulatory functions, particularly under stress conditions such as
nutrient starvation and oxidative stress (63, 64). The subdivision between perfect or imperfect base
pairingwith the target can also be applied to this class of sncRNAs. Cis- encoded RNAs are encoded
on the antisense strand of the gene that they regulate, and show full complementarity with their
targets, whereas trans-encoded RNAs are encoded at a distant genomic location and possess limited
and imperfect base pairing with their targets (65-67). Like miRNAs, because of their partial
complementarity to their targets, a single trans-encoded RNA can regulate different mRNA targets.
Not unlike miRNAs and siRNAs, somesRNAs can be a part of a ribonucleoprotein complex, which
in this case, contains an RNA chaperone such as Hfg or ProQ (62, 68). Recent reports have also
indicated that RNase E interacts with the sRNA-Hfq complex for targeted degradation (69).
Additionally, RNase E hasbeen found to have a membrane-binding domain, and thus does not aid in

the sRNA binding to its target (70, 71). However, given that RNA chaperones are not universally



conserved in prokaryotes, it has been speculated that complex formation is not essential for an sSRNA

to base pair with its target mRNA (72).

The number of mechanisms employed by sncRNAs to either up-or downregulate translation
is large. A small number of sncRNAs can bind to and modulate protein activity in prokaryotes and
eukaryotes. For example, in bacteria, CsrB and CsrC sncRNAs are known to bind to and regulate the
activity of the translational regulator CsrA, which indirectly regulates the expression of a large set of
genes (73). In the cell lines HEK293T, MDA-MB-231, and CN34, tRNA-derived fragments (tRFs) were
found to antagonize YBX1, an RNA-binding protein that has been found to stabilize oncogenic
transcripts (74, 75). However, the largest group of known sncRNAs activates or represses translation
by base pairing with other nucleic acids, and the specificity of the action is relatedto the base pairing
interactions (76). For example, the extent of the complementarity of miRNAs determines whether the
target is going to be degraded or not. The range of regulatory mechanisms used by base-pairing

sncRNAs are illustrated in Figure 2.2.

Even though sncRNAs differ in their mechanistic details between species or kingdoms, it is
possible to draw parallels with respect to the overall design of their respective regulatory processes
(62). For example, in prokaryotes, translation inhibition can occur by direct competition for the
ribosome-binding site (RBS). In this case, the sRNA prevents the binding of the 30S subunit and
translation initiation by base pairing with regions close to or overlapping with the Shine—Dalgarno
sequence (SD) or start codon (77-79). Similarly, eukaryotic sncRNAs induce translational repression
by preventing the binding of the 40S subunit and thus blocking initiation. However, in this case,
translation initiation is inhibited by targeting the poly(A) tail (80). Although the mechanism of

translation initiation in prokaryotes and eukaryotes differ, sncRNAs can induce translational
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repression at the initiation step by preventing the binding of the small ribosomal subunit. Therefore,

itis possible to suggest an evolutionary conservation of their regulatory processes and strategies.
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Figure 2.1. Biogenesis of small non-coding RNAs (sncRNAs) in prokaryotes and eukaryotes. In general,
bacteria and archaea utilize processing pathways involving RNases such as E, Z, or P to generate
sncRNAs. Eukaryotes have more complex pathways that involve multiple precursors and additional
protein components like Drosha and Dicer for processing precursor molecules into a sncRNA.
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2.4: ncRNAs derived from functional RNAs

As our understanding of gene expression regulatory targets and mechanisms progresses, the
complexity of this field is increasingly evident. In the expanding repertoire of sncRNAs, recent
transcriptomic studies in bacteria, archaea, and eukaryotes have provided a large amount of data that
shed light on new sncRNAs generated by the processing of mature functional RNAs such as mRNAs and
tRNAs (Fig. 2.1) (81, 82). Initially these fragments were considered random degradation products.
However, accumulating evidence suggests that these are conserved, precisely processed fragments that

caninteract indirectly or directly during translation (9, 82).

In particular, sncRNAs generated from tRNAs have been identified in a wide range of
organisms from all three domains of life (83). Besides their well-defined role in translation, it has been
suggested that tRNAs exert regulatory function through the production of different sncRNAs derived
from their transcripts. According to the relative size and biogenesis, the tRNA-derived fragments can
be divided into two subclasses: tRNAhalves, and tRFs. The first group is composed of transcripts
of approximately 28 to 36 nt in length and usually are generated under stress conditions by anticodon
nucleases such as ColicinE5 in bacteria, Rny1p in yeast, and angiogenin in humans (83-85). The
latter group is composed of transcripts with an average lengthbetween 18 to 20 nt and are processed
either by Dicer or RNaseZ in eukaryotes and RNase E in E. coli (9, 83). Several studies have
suggested that tRNA-derived fragments are involved in the regulation of protein synthesis in different
organisms (86). Mechanisticstudies have suggested that they function similarly to miRNAs, and their

direct influence on protein biosynthesis has been revealed in archaea and in humans (14, 20, 87, 88).

Small ncRNAs derived from mRNA fragments have beenreported in eukaryotes and bacteria
(89-92). While mRNA fragments are often associated as products of mMRNAdegradation, cleaved RNA
fragments may be used under certain circumstances to generate functional small regulatory RNAs
(81, 82). Several studies have revealed sncRNAs that correspond to different known mRNAregions in
both eukaryotes and bacteria (30, 79, 93). In addition, high-throughput sequencing of Hfg-bound and

AGO-bound RNAs has revealed several mMRNA-derived fragments associated with these proteins (79,
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94). Although our current knowledge of their biological functions is limited, hints at the power of some
of these mRNA-derived fragments in translation regulation were recently demonstrated in

Saccharomyces cerevisiaeand Salmonella (18, 92).

2.5: A new ncRNA target: the ribosome

The discoveries in sncRNA-mediated translational regulation are not limited to new molecules.
New sncRNA targets and regulatory mechanisms have recently been discovered. As illustrated in Figure
2.2, the most extensively studied sncRNAs modulate protein synthesis through direct interactions with
mRNA targets.However, increasing evidence suggests the ribosome as a common sncRNA target (18).
This new group of sncRNAs, termed ribosome-associated non-coding RNA (rancRNA), was found to
regulate translation through direct interactions with the ribosome in archaeal and eukaryotic cells (Fig. 2.2;
Table 2.1) (18, 20). While the definition of a rancRNA is based on a direct interaction withthe ribosome,
it should be noted that there are examples where a rancRNA can target an mRNA as well as the ribosome.
Firstly, transfer-messenger RNAs (tmRNAs) have been identified in bacteria, and function to monitor
translation, relieving ribosome stalling on truncated mRNAs by facilitating tagging of the incomplete protein
for degradation and ultimately recycling of the stalled ribosome (95, 96). Additionally, the RNA component
of the universally conserved signal recognition particle (SRP) complex aids in localizing specific
proteinsto the endoplasmic reticulum in eukaryotes and the plasma membrane in prokaryotes (97, 98).
Surprisingly, to our knowledge, no studies have been published on the presence of rancRNAs in
bacteria where the ribosome is a specific target of the ncRNA. The presence of sncRNA transcripts
on ribosome subunits is not new, but they were initially interpreted as biological noise. This view has
changed after the direct association of specific individual rancRNA fragments to the ribosome has
been experimentally confirmed (14, 18). Moreover, these associations were shown to change under

different stress conditions and influence the process of protein synthesis.

The first evidence of ncRNAs targeting the ribosome was reported by the Polacek group in
2012 (14). Inthe archaebacteria Haloferax volcanii, Gebetsberger and colleaguesfound a 26 nt tRF

that originated from the 5’ region of valine tRNA (Val-tRF), which can downregulate global translation
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under hyperosmotic stress, as well as the extent of peptide bond formation through direct interactions
with the 30S subunit in vivo and in vitro. Further characterization provided evidence that the
respective tRNA fragment binds to the small ribosomal subunit in the immediate vicinity of the mRNA
channel, causing the dis-placement of mMRNA transcripts from the initiation complex resulting in
global translation attenuation (Fig. 2.2) (16). Furthermore, another study with the archaebacteria
H. volcanii has identified an intergenic sRNA, designated rancRNA_ 194, that can inhibit protein
synthesis of cstA, the mRNA transcript of a carbon starvation protein that was found to be involved
when cells utilize xylose as the carbon source (17). Similarly to the Val-tRF, in vitro studies have
shown that this rancRNA interacts with the large ribosomal subunit and inhibits peptide bond
formation under specific stress conditions. However, in contrast to Val-tRF, rancRNA_194 is an

MRNA specificregulator and does not influence global translation in vivo (17).

The existence of rancRNAs and their ability to regulate translation by direct interactions with
the ribosome is not limited to thearchaebacteria H. volcanii. It has also been demonstrated in the
eukaryote S. cerevisiae and in the pathogenic protozoan Trypanosomabrucei (18, 20, 22). In 2014,
Pircher and colleagues functionally characterized an ncRNA derived from an exon in the TRM10
mRNA. ThisncRNA can completely shut down global translation under hyperosmotic conditions
through its direct interactions with polysomes (18). This rancRNA associates with 60Sribosomal
subunits and possibly interferes with tRNA binding tothe ribosomal P site (Fig. 2.2), suggesting a
direct regulation of polysomes (18). In addition to the mRNA-derived fragment, tRNA-derived
fragments from the 3’ end of five tRNAs (tRNA-His, tRNA-Ser, tRNA-Gly, tRNA-Leu, tRNA-Thr) and
from 5’ end of one tRNA (tRNA-His) were also reported to directly interact with ribosome and induce
translation inhibition in S. cerevisiae under stress conditions (20). A more recent study also suggests
that tRNA-derived fragments can modulate translation via interactions with ribosome-associated
aminoacyl-tRNA synthetases, which is an alternative to the directregulation of ribosomal inhibition

(21).
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The most recent example of rancRNAs identifies a 3’ tRNA half, derived from tRNA-Thr, that

is capable of interacting with ribosomes and polysomes in T. brucei (22). Similar to the rancRNAs

summarized so far, this respective tRNA fragment is produced during nutrient stress (starvation and

stationary phase). Surprisingly, this rancRNA can stimulate, rather than inhibit, protein synthesis by

promoting recruitment of mMRNA during the initiation phase of translation (22).

Taken together, it seems that the rancRNAs identified so far arejust a few examples of an

unexplored class of translation modulators. More studies are necessary to investigate and better

understand the principles and the outcomes behind the association of shncRNAs with the ribosome.

However, it seems reasonable to assume that sncRNAs are capable of regulating translation by

directly targeting the translational machinery.

Table 2.1. Summary of previously identified rancRNAs in different organisms and their mechanism of

action.
rancRNA Organism Stress Condition Mechanism References
5 tRF-Val Haloferax Alkaline Compete with (14, 16)
volcanii MRNA binding
18-mer RNA Saccharomyces  Hyperosmotic Compete for P-site (18)
cerevisiae occupancy
3’ tRF-His Saccharomyces  High pH, low pH, Ribosome-bound (21)
3’ tRF-Leu cerevisiae nutrient starvation, aminoacyl-transfer
3’ tRF-Gly heat shock, cold RNA synthetase
3’ tRF-Ser shock, high salt, UV association
3 tRF-Thr exposure,
5 tRF-His hypoosmotic,
hyperosmotic,
anaerobic
rancRNA_194 Haloferax Xylose carbon Unknown (17)
volcanii source
3 tRF-Thr Trypanosoma Nutrient starvation Stimulate mRNA (22)
brucei binding

2.6: What are we missing?

The ribosome is a universally conserved molecular machine with a crucial role for protein

synthesis in all three domains of life (29, 99). Traditionally, the ribosome has been viewed as a dynamic

entity with an integral, but passive, roleduring translation. This perspective overlooks recent studies
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suggesting the ribosome itself as a novel hub in translation regulation (29, 100). Phosphorylation of
ribosomal proteins, for example, may affect translational initiation. One eukaryotic example is the
phosphorylation of the ribosomal protein S6, which stimulates translation of mMRNAs by processing
the 5’ terminal oligopyrimidine sequence (101). Phosphorylation of ribosomal proteins also occurs in
prokaryotes, with S7 and S11 being identified as important for readthrough of mRNAs (102). In
addition, mounting evidence indicates the existence of distinct ribosomal subpopulations that exhibit
heterogeneity in ribosomal composition in response to environmental signals. This provides a platform
for increasing diversity in ribosomes leading to adaptation and functional specialization (103). For
example, in E. coli, the stress-induced endoribonuclease MazF generates specialized ribosomes
lacking the anti-Shine—Delgarno sequence through cleavage of the 3’ end of the 16S ribosomal RNA
(rRNA). These specialized ribosomes are selective for leaderless mMRNAs that are also generated by

MazF (104).

Given the important role that ribosomes play for protein synthesis and the recent evidence
indicating that ribosomes are sncRNAs targets makes them a prime target for a highly sensitive and
reversible regulation of gene expression. In addition, the small size of rancRNAs and their immediate
availability provides them with an advantage as first-wave regulators during stress conditions. This
raises the question as to whether a largely unexplored ancient and conserved mechanism of
translation regulation exists. The fact that inhibition of protein synthesis by rancRNAs is strongly
associated with stress conditions, and that rancRNAs are capable of inhibiting protein synthesis in
both archaeal and eukaryotic cells, supports the idea of an evolutionarily conserved mechanism (Fig.

2.2) (14, 18, 20).

Surprisingly, this mechanism has not been shown in bacteria so far. Although bacteria,
archaea, and eukaryotes have evolved different mechanisms of regulatory ncRNAs (Fig. 2.2), the
overall design of their regulatory process is, however, intriguingly similar. Therefore, it is possible that
because more complex organisms utilize this unique regulatory mechanism, bacteria might also use

it in some form. Evidence to support such a conservation of this mechanism was reported by
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Gebetsberger and colleagues in 2017. Using the archaeal Val-tRF in S. cerevisiae and E. coli model
organisms, they demonstrated that inhibition still occurred across species, suggesting that this
mechanism may be conserved across domains of life (16). Interestingly, studies on the ncRNA
interactome in bacteria have identified sncRNAs to be enriched in polysomal and subpolysomal

fractions, along with theidentification of nNcRNA—-rRNA interactions (30-32).

Perhaps the best question to ask in this context is whether these sncRNAs participate in a
conserved mechanism for translational control. Although some specific functions have been
indicated, current research is still in the phase of identifying and validating ncRNAs with the potential
to directly bind and regulate the ribosome, functional studies are limited so far. It will be an important
challenge to investigate the biology of rancRNAs and provide insight into a completely novel layer of
gene expression regulation. This is not only interesting from a fundamental perspective to understand
the basic processes of life, but also from a synthetic biology and bioengineering approach. The
rational design of gene expression circuits is at the heart of biotechnology, with the construction of
artificial cells and increasing importance for commercial applications (105). Furthermore, the majority
of clinically relevant antibiotics act during gene expression in one way or another, with
approximately 50% of themtargeting ribosome-dependent processes (106, 107). This highlights the
potential for the development of novel antimicrobial strategies exploiting the rancRNA-dependent
regulatory processes. This is of particular urgency, as the emergence of antibiotic resistance has
been identified as a high priority by the World Health Organization (WHO), who endorsed a global
action plan on antimicrobial resistance in May 2015. A part of their plan identifies the need to develop

a sustainable plan to develop antimicrobials in which, we believe, rancRNAs may play arole.
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CHAPTER 3: Investigation of annotated bacterial small RNAs functioning as ribosomal regulators

3.1: Introduction

The process of gene expression is regulated by various molecules. Focusing on translation,
regulatory factors have been identified including proteins and nucleic acid (108, 109). Ribosomal proteins
are known to use molecular mimicry, where two individual biological molecules share sequence and/or
structural similarities, to repress translation of another ribosomal protein to maintain stoichiometric levels
(110, 111). RNases also act to prevent the translation of faulty mRNAs. RNase R degrades RNA non-
specifically at the 3’ end, while RNase Il typically degrades double-stranded RNA (112-115). sRNAs have
been found to regulate mMRNAs post-transcriptionally by base pairing to allow or inhibit translation or cause
the mRNA to be degraded (67, 116, 117). Proteins and sRNAs can also work in conjunction with each other
as regulatory RNA-protein complexes. For example, protein CsrA activity is regulated by the sRNAs csrB
and csrC binding to high affinity sites on CsrA, where traditionally the sites would be bound by target mMRNAs
(118, 119). The binding of csrB and csrC by mimicking a target mRNA leads to sequestration of CsrA (118,

119).

Overall, RNA has been proposed to be advantageous as a regulator since RNA can have a tunable
response to cellular or environmental signals (120, 121). In bacteria, RNA is approximately 125 times
energetically cheaper for cells to produce compared to proteins (122, 123). RNA can also regulate gene
expression at multiple levels. For example, sRNAs target numerous sites on mRNAs such as 5’ and 3’
UTRs, regions that transcription regulators do not target (124). Additionally, sRNAs can act at the
transcriptional and post-transcriptional level to improve the speed of regulation. It has been shown that
post-transcriptional down regulation is more efficient in response to external cues compared to signaling

pathways and transcription regulators (125, 126).

Although sRNAs have been shown to be advantageous at various points during gene expression
regulation, the molecular details of how sRNAs interact with the ribosome are poorly understood. More

recent studies have identified ribosome-associated non-coding RNAs (rancRNAs) as direct regulators of
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the ribosome (12). These rancRNAs have been identified in all domains of life but are only poorly
characterized, especially in bacteria (16-26). Recently, SprF1 RNA has been classified as an attenuator of

global translation in Staphylococcus aureus, but no other bacterial rancRNAs have been identified (26).

To better understand this class of SRNA in bacteria and to potentially identify previously overlooked
rancRNAs, | have re-analyzed two previously published RNAseq datasets for sRNAs associated with
ribosomes (30, 31). These datasets were obtained using two different techniques to isolate ribosome-
associated RNAs for subsequent next generation sequencing. The first technique called GradSeq
separated all RNA associated with ribosome and ribosomal subunits using glycerol density
ultracentrifugation followed by next-generation sequencing (30). The second technique utilized in vivo UV
cross-linking and proximity ligation to sequence RNA:RNA duplexes, where sRNA:rRNA interactions are
identified (31). rancRNA candidates were identified based on their presence in both datasets after
bioinformatic analysis and subsequently characterized in silico and experimentally. An overview of the

characterization pipeline is shown in Figure 3.1.
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Figure 3.1. Overview of characterization methodology for rancRNA candidates in silico and experimentally.
After candidate identification, binding to 70S ribosomes and/or 50S/30S ribosomal subunits in vitro will
confirm its association with ribosomal particles. Subsequently, the candidate’s mode of interaction will be
predicted using a combination of in silico methods. Lastly, the mechanism of action will be investigated by
examining the candidate’s effect on translation, if the candidate binds to additional factors, and
experimentally validating where the candidate binds on the ribosome. This experimental data will be
compiled into a database together with functional information for all known rancRNAs.
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3.2: Methods

3.2.1: Identification of rancRNA candidates

A literature search was conducted to identify bacterial RNA sequencing datasets in which
ribosomes and/or ribosomal subunits were directly sequenced, or the experimental technique to obtain the
RNA for sequencing resulted in an indirect association with rRNA. Initially, two datasets were identified for
re-analysis with the first being a Salmonella Typhimurium Gradseq dataset (30). In brief, ribosomes and
ribosomal subunits from Salmonella Typhimurium were separated using glycerol density ultracentrifugation
and all ribosome-associated RNA contained in the respective fractions of the glycerol gradient were
sequenced (30). The corresponding Fastq files were obtained from the NCBI GEO databank (accession
number: GSE62988) and subsequently aligned to the Salmonella Typhimurium SL1344 genome (GenBank:
FQ312003.1) using a Burrows Wheeler Alignment (127). Transcript abundance was quantified, and

differential expression was computed using SeqMonk to identify rancRNA candidates.

The second dataset was generated using E. coli O157:H7 cells (31). Although the aim of this study
was to identify SRNA:mRNA pairs using UV cross-linking and proximity ligation, SRNA:rRNA cross-links
were also present in the sequencing dataset. sSRNA:rRNA sequences were identified and extracted using
Microsoft Excel (2016) for the second set of rancRNA candidates. Both sets of rancRNA candidates were
subsequently compared and sRNAs were selected as rancRNA candidates if they were present in both
lists. Subsequently, an additional study was found where RNA from ribosomes from E. coli O157:H7 cells
were sequenced using RNAseq and RIBOseq providing additional information if the identified RNAs are
translated by the ribosome (32). The original rancRNA candidate list was then compared to the sRNAs
identified in the additional study to identify if any of the candidates contain open reading frames (ORFs)

and may be translated.
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3.2.2: In silico analysis of rancRNA candidates

rancRNA structure prediction:

rancRNA candidate secondary structure was predicted using RNAfold to obtain the dot bracket
structure (settings: minimum free energy and partition function, avoid isolated base pairs) (128). The dot
bracket structure and the respective sequence were entered into VARNA to generate the secondary
structure representation (129). The tertiary structure was also predicted based on the RNA sequence and
dot-bracket secondary structure predicted by RNAfold with the program SimRNA (default simulation steps
(500), default % of the lowest energy frames taken to clustering (1) (130). Tertiary structures were visualized
and further analysed using PyMOL (align function) (The PyMOL Molecular Graphics System, Version 2.0,

Schrédinger, LLC).

Conservation of rancRNA candidates:

rancRNA candidate sequences were input into BLASTn with default settings (Standard databases,
100 max target sequences, expect threshold = 0.05, word size = 28, match/mismatch scores = 1-2, linear
gap costs, filter low complexity regions, mask for lookup table only) (131). The resulting sequences were
then aligned with Clustal Omega (settings: enter RNA sequence, ClustalW with character counts output)

and a phylogeny tree was generated (132, 133).

Potential rRNA regions of interaction:

58S, 16S, and 23S rRNA sequences as well as the rancRNA candidate sequences were obtained
from EcoCyc (134). To identify any possible base pairs between rRNA and rancRNA candidates, the rRNA
sequence and the reverse strand of the rancRNA candidate were aligned using Clustal Omega (settings:
enter RNA sequence, ClustalW with character counts output) (132, 133). SRNA:rRNA pairs identified in
Waters et al. were also used to identify possible interaction regions based on the recovered sequences

(31).
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To further evaluate possible base pairing interactions, various software tools were utilized. IntaRNA
(settings: number of interactions per RNA pair = 5, suboptimal interaction overlap — can overlap in query,
no lonely base pairs, no GU at helix ends, minimum number of base pairs in seed = 7, ignore seeds with
GU ends) and RNAUp (settings: avoid isolated base pairs, length of unstructured region = 4, maximal length
of region of interaction = 25) were used to determine base pairing based on energy calculations (135-138).
For both tools, default settings were used. The align function of PyMOL was used to generate a
superimposition and RMSD calculation between the rRNA and rancRNA candidate (The PyMOL Molecular

Graphics System, Version 2.0, Schrédinger, LLC).

3.2.3: RNA preparation and purification

Small RNA Synthesis:

The DNA sequences corresponding to the identified small RNAs were modified to include a T7
promoter and terminator for in vitro transcription and were synthesized and subcloned into pUC57 by
Azenta/Genewiz (South Plainfield, New Jersey) (Table S3.3). Plasmid DNA was then transformed into E.
coli DH5a cells and isolated using a BioBasic EZ-10 Spin Column Plasmid DNA Miniprep kit following the

manufacturer’s protocol.

Amplification of Small RNAs using Polymerase Chain Reaction:

Phusion polymerase in GC buffer (Thermo Scientific), dNTPs (BioBasic), and construct specific
primers (IDT, Table S3.3) were used to amplify the region of interest from the respective pUC57 plasmid
containing the small RNA sequence and a T7 promoter and terminator. Reaction conditions used for PCR
are summarized in Table 3.1. Amplification was performed using a T Gradient Biometra thermocycler (Table
3.2) and reactions were subsequently restriction digested with Dpnl (Thermo Scientific). To confirm the
correct product size, PCR products were analyzed using 10% Native Polyacrylamide Gel Electrophoresis
(PAGE), followed by staining with ethidium bromide (Thermo Scientific). All gels were visualized using the

Amersham Imager 600 or Amersham Typhoon.

24



Table 3.1. PCR conditions for a 20 uL reaction using Phusion Polymerase.

Component Final Concentration
5x Phusion GC Buffer 1x
10 mM dNTPS 200 uM (for each nucleotide)
Forward Primer 0.5 uM
Reverse Primer 0.5 uM
Template DNA 0.175 ng/uL
Phusion DNA Polymerase 0.02 U/uL

H-0

Table 3.2. PCR cycle conditions for rancRNA candidates.

Cycle Step Temperature  Time (s) Number of
(°C) Cycles
Initial Denaturation 98 30 1
Denaturation 98 10 25
Annealing 49.7-60.1* 30 25
Extension 72 30 25
Final Extension 75 300 1

*Range of annealing temperatures varied for rancRNA candidates.

In vitro Transcription of PCR Product:

Correctly amplified PCR products were in vitro transcribed using T7 polymerase (in-house
preparation), Transcription (Trab) buffer (200 mM Tris-CI (pH 7.5), 75 mM MgClz, 50 mM NaCl, 10 mM
sperimidine), DTT (Thermo Scientific), NTPs (Sigma Aldrich), GMP (Sigma Aldrich), iPPase (Sigma
Aldrich), and RNase Inhibitor | (Thermo Scientific) for three hours at 37 °C. DNase | (Thermo Scientific)
was added to the in vitro transcription reactions followed by a one-hour incubation at 37 °C. RNA was then
purified using a BioBasic EZ-10 Spin Column RNA clean-up and concentration kit following manufacturer’s
instructions. To confirm the correct size of the RNA product, samples were analyzed on a 10% Urea PAGE,

followed by staining with ethidium bromide (Thermo Scientific).
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Table 3.3. In vitro transcription components for 100 uL reaction.

Component Final Concentration

5x Trab Buffer 1x

100 mM DTT 10 mM

25 mM NTPs 3 mM

100 mM GMP 5 mM

0.5 U/uL iPPase 0.01 U/pL

T7 Polymerase 1.4 uM

40 U/uL RNase Inhibitor | 0.12 U/uL

DNA Template 10 ng/pL

H20 R

3.2.4: Nitrocellulose filter binding

RNA Radiolabeling:

Purified RNA product (300 nM to 3640 nM) was dephosphorylated using 1 U/uL shrimp alkaline
phosphatase (New England BiolLabs) for one hour at 37 °C and then heat deactivated for 10 minutes at 95
°C. 10 uCi of radiolabeled gamma 32P-ATP (Perkin EImer) was then added with 10 U/uL T4 Polynucleotide
Kinase (Thermo Scientific) for one hour at 37 °C. The resulting radiolabeled RNA was then purified using
a BioBasic RNA clean-up kit and eluted using RNase-free water (New England BioLabs). Subsequently the
RNA concentration was determined using UV Spectroscopy at 260 nm (Ultrospec 3000, Pharmacia
Biotech) and the respective extinction coefficient calculated based on the respective RNA sequence

(https://www.fechem.uzh.ch/MT/links/ext.html).

Nitrocellulose Filter Binding Assay:

2 000-4 000 nM stock Radiolabeled RNA (2 nM final concentration, previously eluted in RNase-
free water) was heated at 95 °C for 10 minutes, followed by slow cooling to 37 °C. Concentrations of in-
house purified 70S, 50S, 30S ribosomes and ribosomal subunits were determined with a BioDrop at 260
nm (MBI Lab Equipment) and their respective extinction coefficients (70S — 3.91x107 M-'cm-!, 50S —
2.55x107 M-'ecm-", 30S — 1.37x107 M-'cm-") (139). Serial dilutions were made (0.034 uM to 2.4 or 3.2 uM,
20 pL volume) from the ribosome stock (10-20 uM) using 1x TAKMs buffer (50 mM Tris-HCI, 70 mM NH4Cl,

30 mM Potassium Chloride, 5 mM Magnesium Chloride). 5 pL of 2 nM Radiolabeled RNA was then pipetted
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into each ribosome dilution, followed by incubation for 15 minutes at 37 °C. After the incubation period, the
RNA-ribosome mixture was immediately removed and pipetted (25 pL total volume) onto a 0.2 ym
nitrocellulose membrane (0.2 yum, 25 mm diameter GE Healthcare Life Sciences), followed by washing of
the membrane with 1 mL of ice cold 1x TAKMs buffer. The membrane was then transferred into a scintillation
vial and dissolved in 10 mL of EcoLite scintillation cocktail (EcoLite (+), MP Biomedical). This procedure
was repeated for all dilutions. Additionally, a scintillation vial containing 5 pL of radiolabeled RNA pipetted
directly into 10 mL of scintillation cocktail was used to determine the maximum radioactivity for the RNA
and a vial with no RNA to account for background radioactivity were analyzed for each trial. Vials were then
vortexed for one minute and left at room temperature for approximately 30 minutes followed by a second
vortexing (one minute) and the amount of RNA retained by binding to the ribosome was quantified by
scintillation counting (Liquid Scintillation Analyzer Tri-Carb 2810 TR, Perkin Elmer). Prism GraphPad
version 9 was used for visualisation and fitting with a one-site binding equation (y = Bmax*x/(Ko+x) to extract

the equilibrium dissociation constant (Ko) and the fraction of RNA bound to the ribosome (Bmax).

3.2.5: In vitro translation

Using the PURExpress® system (New England Biolabs), 100 ng/uL of pUC57 coding for enhanced
cyan fluorescent protein (eCFP) was translated. To ensure all ribosomes in the PURExpress® system
(ribosome content is 60 picomoles) would be targeted, 60 picomoles of the rancRNA candidates were
added. The experiment was conducted under two conditions: (1) eCFP template and rancRNA were added
at the same time and (2) ribosomes were pre-incubated with the rancRNA where pUC57 encoding for eCFP
was added after the rancRNA candidate was incubated with the PURE components for 15 minutes at 37
°C. A negative control with no template and a control experiment containing only template and no rancRNA
were included. The respective reaction mixtures were then incubated for 16 hours at 37 °C. The resulting
eCFP fluorescence was analysed using a QuantaMaster Fluorimeter (Photon Technology International
(Canada) Inc). eCFP was excited at 439 nm and the emission scan was measured from 454 to 554 nm.
Obtained emission spectra were subsequently analyzed using Microsoft Excel (2016) after the negative

control was subtracted from the respective experiment control and reactions containing the rancRNA
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candidates. A one-tailed t-test was used to determine statistical significance using Prism GraphPad version

9.

To ensure the RNA added during the pre-incubation experiments remained intact with the additional
incubation time, the PURE reactions containing rancRNA candidates were reverse transcribed using
SuperScript IV (Invitrogen), following the manufacturer’s protocol. In brief, the corresponding reverse primer
for the rancRNA candidate, dNTPs, 500 ng of PURE reaction, and H20 were combined in a microcentrifuge
tube and heated at 65 °C for 5 minutes, and subsequently incubated on ice for 1 minute (Table 3.4). The
remaining reaction components listed in Table 3.4 were added to the microcentrifuge tube. The final
reaction was then incubated at 55 °C for 10 minutes, followed by an inactivation step with incubation at 80
°C for 10 minutes. cDNA product was amplified using Phusion polymerase (Thermo Scientific). The
experiment was set up as detailed earlier and according to Table 3.1 and the PCR cycle as described in

Table 3.2.

Table 3.4. Reverse transcription components for 20 uL reaction.

Component Final Concentration
2 uM gene-specific reverse primer 0.1 uM
10 mM dNTPs 0.5 mM
100 mM DTT 5mM
5x SSIV Buffer 1x
SuperScript® IV Reverse 10 U/uL
Transcriptase (200 U/uL)
40 U/uL RNase Inhibitor | 2 U/uL
RNA Template 500 ng

H20 R
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3.2.6: In vivo translation
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Figure 3.2. Overview of Biorthogonal non-canonical amino acid tagging (BONCAT) assay. (A) L-
azidohomoalanine (L-AHA) is used in place of L-methionine and is incorporated into E. coli proteins. These
proteins can then be labelled using dyes containing an alkyne bond. (B) Overview of the “Click chemistry”
approach based on the reaction between the azide and alkyne bond used to incorporate the labelling dye
(DBCO-PEG4-Carboxyrhodamine-110).

To measure de novo protein synthesis in live E. coli cells, an assay adapted from Hatzenpichler
and colleagues (140) was used (Figure 3.2). In brief, a 50 mL LB culture of E. coli BL21(DE3) cells
transformed with pACYCDuet-1 encoding eCFP tagged with the RNA Mango IIl aptamer and pUC57
encoding one of the rancRNA candidates were grown at 37 °C and 220 rpm overnight (Max® 4000
Barnstead Lab-Line). Cells were pelleted at 5 000xg for 15 minutes at 4 °C (Heraeus Multifuge X3R
Centrifuge, Thermo Scientific) and subsequently washed once using M9 salts minimal medium (5x M9 salts,
1 M MgSOs, 20% glucose (w/v), 1 M CaClz) at 5 000xg for 15 minutes at 4 °C (Heraeus Multifuge X3R
Centrifuge, Thermo Scientific). After, cells were added to 50 mL of M9 salts minimal medium at an ODseoo
of 0.1 and grown in tandem at 37 °C with shaking at 220 rpm (Max® 4000 Barnstead Lab-Line). At an ODsoo
of 0.2, 1 mM Isopropyl 3-D-1-thiogalactopyranoside (IPTG) was added to one flask and a second flask was
induced at an ODeoo of 0.4. When all three flasks reached an ODeoo of 0.4, 100 mM L-Azidohomoalanine

(L-AHA) was added to a 10 mL subculture of the respective 50 mL starting culture. Two 0.5 ODeoo samples
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were removed from each subculture every 20 minutes up to 60 minutes and stored on ice. Cells were
pelleted at 16 000xg for five minutes (Sorvall Legend Micro 17R, Thermo Scientific) and re-suspended in
1x PBS (137 mM NaCl, 2.7 mM KCI, 10 mM NazHPOs4, 1.8 mM KH2POa) with 3% (w/v) formaldehyde. The
cells were subsequently fixed for 1 hour at room temperature, pelleted by centrifugation at 16 000xg for five
minutes (Sorvall Legend Micro 17R, Thermo Scientific), and the supernatant was decanted. Following this,
cells were washed three times with 1x PBS by centrifugation at 16 000xg for five minutes (Sorvall Legend

Micro 17R, Thermo Scientific), and stored in 1x PBS containing 50% ethanol at -20 °C.

Cells were subsequently pelleted and re-suspended in the BONCAT protein extraction buffer (1%
(w/v) sodium dodecyl sulfate, 50 mM Tris, pH 8.4, 150 mM NaCl, 100 mM EDTA, 1 mM MgCl2) and boiled
for 30 minutes, followed by snap cooling on ice for five minutes. Samples were then centrifuged at 16 000xg
for five minutes (Sorvall Legend Micro 17R, Thermo Scientific). The supernatant was transferred to a new
microfuge tube, and 100 mM 2-chloroacetamide (Sigma Aldrich) (50 uL of 1 M solution) was added,
followed by incubation in the dark for one hour at room temperature with shaking. 10 mM DBCO-PEG4-
Carboxyrhodamine 110 (Click Chemistry Tools) was added and incubated in the dark at room temperature
with shaking for an additional 30 minutes. Proteins were then extracted using a 6:1.5:4 mixture of
methanol:chloroform:water and washed three times with 100% methanol by centrifuging at 16 000xg for
five minutes (Sorvall Legend Micro 17R, Thermo Scientific). The protein pellet was then dried using the

Savant speedvac vacuum concentrator or air dried in a fumehood.

The resulting dried protein pellets were then re-suspended in 1 M DTT, 6x SDS loading buffer
without dye, and 8 M urea. The resulting protein concentration was determined using A2soc and Azeo
absorbance obtained by UV spectroscopy (Ultrospec 3000, Pharmacia Biotech). Samples were then
analyzed on a 12% SDS PAGE at 80V for 20 minutes followed by 200V for 45 minutes in the dark with a
prestained protein ladder (Frogga Bio). The labelled proteins were then visualized using an Amersham
Typhoon (excitation at 488 nm and the Cy2 525BP20 emission filter) and subsequently stained with
Coomassie Blue overnight. The gel was then scanned using the optical densitometry setting on an

Amersham Typhoon. Densitometry analysis was performed for proteins in the range of 100 kDa and 35
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kDa using ImageJ (141). Results were further analysed using Microsoft Excel (2016) and GraphPad Prism

v9. Dunnett’s test was used for statistical analysis (142).

To ensure the rancRNA candidate was transcribed during cell growth following induction by IPTG,
total RNA was isolated using the EZ-10 Spin Column Total RNA Miniprep kit (BioBasic) according to
manufacturer’s instructions. Isolated RNA was subsequently digested with 0.5 U/uL DNAse | (Thermo
Scientific) for 30 minutes at 37 °C, followed by the addition of 1 yL 50 mM EDTA and incubation at 65 °C
for 10 minutes. This RNA was then reverse transcribed using SuperScript IV (Invitrogen), following the
manufacturer’s protocol as described earlier (Table 3.4). cDNA product was amplified using Phusion
polymerase (Thermo Scientific). The experiment was set up as detailed earlier, according to Table 3.1, and

the PCR cycle as described in Table 3.2.

3.3: Results

3.3.1: rancRNA candidate identification

rancRNA candidates were identified using the two previously published bacterial datasets (30, 31),
The workflow approach is illustrated in Figure 3.3, A. Using data reported in Smirnov et al. (30), 54 sRNAs
were identified in Salmonella Typhimurium that are also present in E. coli (Table S3.1). 51 sRNAs were
identified by filtering for SRNA-rRNA interactions present in pathogenic E. coli from Waters et al. (Table
S3.1) (31). Correlating the two lists with each other, the following was taken into consideration when
selecting the rancRNA candidates: abundance in fractions 10-20 of the glycerol gradient where 70S
ribosomes and 50S/30S ribosomal subunits were isolated (30), the number of unique hybrids that map to
the rRNA:sRNA interaction (termed count total), the Gibbs free energy of the rRNA:sRNA interaction, and
false discovery rate of rRNA:sRNA cross-links (31). A total of six candidates (arcZ, omrB, rprA, rttR, rybA,
and tpke11) were identified in E. coli (Table 3.4). Of these six candidates, five were also present in the
Neuhaus et al. data set (Figure 3.3, B) (32). rttR is processed from the tRNA tyrT operon, where the 5’ end

of rttR is directly adjacent to the 3’ processing site for tyrV (Figure S3.2) (143, 144). As other rancRNAs are
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known to be tRNA-derived fragments, we chose to focus on characterizing rttR because of the proximity of

the processing site to tRNATY",

Smimov et al, 2016, PNAS Waters ef af., 2017, EMBO J
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Figure 3.3. Identification of rancRNA candidates. (A). Workflow to identify candidates. Data from Smirnov
et al. was aligned to the Salmonella Typhimurium genome and transcript abundance was quantified for
sRNAs using SeqMonk (30). Data from Waters et al. was filtered for sRNA-rRNA interactions (31).
Candidates were compared between the two datasets and ones present in both were selected for validation.
This list was then compared to sRNAs identified in a study by Neuhaus et al. to assess if any of these
contain ORFs and are translated by the ribosome(32). (B). Overlap of sSRNAs identified in the three studies
analyzed (145).
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Table 3.5. List of rancRNAs identified.

rancRNA Length Role in E. coli References
Candidate (nts)
arcZ 122 Increases translation of sigma factor 38 (RpoS); (146-150)
inhibits Rho-dependent transcription termination
omrB 84 Regulation of outer membrane protein composition (151)
rprA 107 Produce RpoS during osmotic shock (152, 153)
rttR 173 Processing product from tyrT operon (143)
rybA 91 Regulation of aromatic acid synthesis under peroxide (154)
stress
tpke11 91 Phantom gene within heat shock protein locus (32, 155)

3.3.2: In silico Analysis of rttR

To investigate if certain regions of rttR are likely to be of structural or functional importance, |
focused on the sequence conservation of rttR among different rttR containing Enterobacteria using BLASTn
and CLUSTAL omega (Figure 3.4) (131-133). These revealed that the rttR sequence is conserved amongst
the Enterobacteriaceae family, primarily Escherichia, Shigella, Salmonella, Klebsiella, and Citrobacter
(Figure 3.4, A). Percent identity for all alignments ranged from 89% to 100% (Figure 3.4, B). The most
closely related sequences were found in the genera of Escherichia, Shigella, and Salmonella with sequence
identities of 100% (Figure 3.4. B). Although a functional role of rttR is not well characterized in bacteria, the
conservation of rttR’s sequence amongst Enterobacteria shows promise that rttR is indeed a viable

rancRNA candidate.
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A

Klebsiella variicola - - -~AUAUUCUGCC-CUACGGGGAAG 21  GAUGAGAAGCUUCGACCAAGGUUCGACUCGAGCGCCAGCGAGAGAACGUUGCCGCAGGCA 81
Klebsiella_africana UGCC-C 21 GAUGAGAAGCUUCGACCAAGGUUCGACUCGAGCGCCAGCGAGAGMCGUUGCCGCAGRCA 81

ACGGCCCGANGGGCGAGGAGCGAUAGCGACGAGUUAUCCUUCCCCCACCACCA 134

E;t:mbﬁt!uaémsenes Egég gﬁ:iggg:ﬁg ;; GAUGAGAAGCUUCGACUAAGGUUCGACUCGAGCGUCAGCGAGAGAACGUUGCCECAGGCA 8L :Egggﬁggxg:gg:ggggjﬁﬁ:ggg;ég:gﬁmggﬂsggggé:gg:gi: ﬁ:

ebsiella_aerogenes - GALG GeC G GCCGCAGE 81 :
Kisbsiella_auasipneurens UGCC-CUACGEGGAAG 21 GALGAGAAGCULCGACUAAGGUUCGACUCGAGCGCCAGCGAGAGRACGUUGCCECASACA  B1  homcroenose e asoeo Ao e aUA LUt chcAccn 138

Klebsiella_pneumoniae UGCC-CUACGGGBAAG 21 GAL UAAGGUUCGACUCGAGCGCC G/ GCCGCAGG 81 ]
Citrobacter_ i UGCCUAUGCGGG0AAG 22  GAUGAGAAGCUUCGACAAAGGUUCGAULCGAGCG-UAGCGAGAAAGCGUUGCCGCAGECA  BL  accncermmnees e a1
Salmonella_bongori UACCC 20 GAUGAGAAGCUUCGACUCAGGUUCGAUUCGAGCG-UAGCGAGAAAGCGUUGCCGCAGBEA 79 aCaACCCGARGEGCGAAGLGLGC-AGCGCUGAGUCAUCCUUCCCCCACCACCA 131
Kluyvera_ascorbata -~ -AAUUCUAUAUUCUGCCCAUGCGGGGAAG 28 GAUGAGAAGCUUCGACUAAGGUUCGAUUCGAGCG-UAGCGAGAAAGCGUUGUCGCAGACA 87 ACCCGAAGBGCGANGCGCGC UCCUUCCCCCACCACCA 138
Salmonella_enterica UACCCAUGCGGGGAAG 20  GAUGAGA G- CAGCGAGAN GCCGCAGE bl ey iccl eotoAnekcas 5t
Y i GGGGAAG 10 GAUGAGAAGCUUCGACCAAGGUUCGAUUCGAGCG-UAGCGAGAAAGCGUUGCCGCAGGCA 69 ACGACCCGAAGGGCGAAGCGCGA-AGCGCUGAGUAALCCUUCCCCCACCACCA 121
Enterobacter_cloacae GGGGAAG 10 GAUGAGAAGCUUCGACCAAGGUUCGAUUCGAGCG-UAGCGAGAAAGCGUUGCCGCAGGCA 69 ACGACCCGAAGGGCGAAGCGCGA-AGCGCUGAGUAAUCCUUCCCCCACCACEA 121
Citrobacter_tructae UGCCCAUACG-GGAAG 21 GAUGAGAAGCUUCGAC-AAGGUUCGAUUCGAGCG-UAGCGAGAAAGCGUUGCCGCAGBUA 79 pCGACCCGAAGGGCGANGCGCGC-AGCGCUGAGUAAUCCUUCCCCCACCACCA 131
Citrobacter_youngae 21 GAUGAGAAGCUUCGACUAAGGUUCGAUUCGAGCG-UAGCGAGAAAGCGUUGCCGCAGRCA 80 ACGACCUGANGGGCGAAGCGCGU-AGCGCUGAGUAMUCCUUCCCCCACCACCA 132
Citrobacter_freundii UGCCCAUGCG-GGAAG 21  GAUGAGAAGCULCGACCAAGGUUCGAUUCGAGCG-UAGCGAGAMGCGUUGCCGCAGRCA 88 ACGACCCGAAGBGCGAAGCGCGC-AGCGCUGAGUCAUCCUUCCCCCACCACCA 132
Enterobacter_sp. UGCCCAGCGEEGNNE 20 @Al G- CAGCGAGAA GCCGCAGG 80 ACGACCCGAAGGGUGAAGCGCAA-CGCGCUGAGUAAUCCUUCCCCCACCACCA 132
Lelliottia_amnigena UGCCCAAGCG-GGAAG 21  GAUGAGAAGCUUCGACCAAGGUUCGAUUCGAGCG- CAGCGAGAAAGCGUUGCCGCAGGC) 80 ACGACCCGAAGGGCGAAGCGCAU-CGCGCUGAGUCAUCCUUCCCCCACCACCA 132
Citrobacter_werknanii UGCCCAUGCGG-GAAG 21  GAUGAGAAGCUUCGAUUAAGGUUCGAUUCGAGCGUCAGCGAGAAAGCGUUGCCAACGGCA 81 ACGACCCGAAGBGCGAAGCGCGC-AGCGCGEAGUCAUCCUUCCCCCACCACCA 133
Citrobacter_portucalensis - - - - -GAAG 21 GAL UAAGGUUCGAUCGAGCGUCAGCGAGAAMGCGUUGCCBCAGGCA 81 ACGACCCGAAGGGCGAAGCGCGU-AGCGCUGAGUAAUCCUUCCCCCACCACCA 133
Phytobacter_ursingii CUGCCCAUGCGG-GAAG 20 GAUGAGAAGCULCGAUUAAGGUUCGAUUCGAGCGACAGCGAGAAAGCGUUGCCGCAGGCA 80 ACCCGAAGBGCGAAGCGCGC - AUC A 132
Citrobacter_sp. UGCCCAUGCGG-GAAG 21 GAUGAGAAGCULC GAUUCGAGCGUC GAAAGCGUUGCCGCAGR 81 ACGACCCGAAGGGCGAAGCGCGC- CUUCCCCCACCACCA 133
Citrobacter_cronae UGCCCAUGCGG-GAAG 21 GAUGAGAAGCULC GAUUCGAGCGUCAGCGAGAAAGCGUUGCCGCAGGCA 81 Accce - CUUCCCCCACCACCA 133
Citrobacter_braakii UGCCCAUGCGG-GAAG 21 W 81 ACGACCC - CUUCCCCCACCACCA 133
Escherichia_fergusonii cAnAN - CAACGAAUCCGUAACUGA G 59 GAUGAGAAGCUUCGACUAAGGUUCGACUCGAGCGCCAGCGAGAGAGCGUUGCCGCAGGCA 119 ACGACC -AGCGCUGAGUAALICCUUCCCCCACCACCA 171
Escherichia_albertii CAAARAUCCCUGAAUULCCCAAACAAAUCC UGCCUAUGCGGBGAAG 68  GAL UAAGGUUCGACUCGAGCGCC G/ GCCOCAGG 120 ACGACCCGCAGEGCGANGCGCEC -AGCGCUGAGUCAUCCUUCCCCCACCACCA 172
rEER A GA 59 CGCAGGCA 119 4 CCACCA 171
Escherichia_coli < & 59 A 119 E] UUCCCCCACCACCA 171
Shigella_boydii c UUCCCA-ACGA 59 CGCAGGCA 119 E] CUUCCCCCACCACCA 171
Salnonella_sp. ca ACUUCCCA-ACGA 50 119 B CCCACCACCA 171
Atlantibacter_hermannii GGGGAAG 8  GAUGAGAAGCUUCGACCAAGGUUCGAUUCGAGCGCCAGCGAGAAAGCGUUGCCUCAGGCA 68 ACGACCCG z CCCCACCACCA 126
Shigella_sonnai CAARAGUCCGUARACUCUCAA-ACGAAUCCGCAAUUAARUAUUCUGCCCARGCGRAGARG 59 GAL CA cc G GCCGCAGR 119 ACGACCCGAAGGGCGAAGCGCGC - CCACCA 171
Shigella_dysenteriae CAAAAGUCCCUGAACUCUCAA-ACGAAUCCGUAALUAAAUAUUCUGCCCAAGCGGAGAAG 59 GAUGAGAAGCULCGACCAAGGUUCGACUUGAGCGCC G GCCOCAGG 119 ACGACCCGAAGGGCGAAGCGCGC- CCACCA 171
Shigella flexneri CAAAAGCCCCGGAAUUCUCAA-ACGAAUCUGCAAUCAAAUAUUCUGCCCAAGCGGGGAAG 59  GAUGAGAAGCUUCGACCAAGGUUCGACUUGAGCGCCAGCGAGAGAGCGUUGCCGCAGGCA 119 ACGACCCGAAGGGCGAAGCGCGC- CCCCACCACCA 171
Klebsiella_oxytoca UUCCGAUGCAGGGAAG 22  GAUGAGAAACUUCGACCAAGGUUCGAUUCGAGCGCCAGCGAGAAGCGUUGCCGCAGRCA 82 ACGACCCGAAGGGUGAGGAGCGA-AGCGACGAAUAAUCCUUCCCCCACCACCA 134
Klebsiella michi i UUCCGAUGCAGGGAAG 22  GAUGAGAAGCUUCGACCAGGGUUCGAGUCGAGCGUCAGCGAGAAAACGUUGCCGCAGGCA 82  ACGACCCGAAGGGCGAGGCGCAA-CGCGCCGAGUAAUCCUUCCCCCACCACCA 134
- AAUUCUALAUUCUGCCCAUGCGGGGAAG 28 GAU 6CAGE 83 ACGACCC U-CGCGACGAGUCAUCCUUCCCCCACCACCA 140

Kluyvera_intermedia
Raoultella_planticol
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aeeks Tax SN AEK KR K KEER KR K XE XXE KK K EXREEXKRORXEKRESREK

|

[ w v 3 0 » > 0 ~
2QFI 972322922 ¢T282r3F2eexedeTFFFLFEYFTER
S S 833588888382 383288823¢esg¢2¢gggsez2gTgee
> mma_c'u'c'bb'otroQQ\mC\\\Qoano\\mw\.\o\\\.
g 283 s 3588588 8 S S35 scss5g 38§ g s 3 g T e g
2 & 2 88 2 2 2 2 2 2 3 2 8 8 @ 3 § 3 & g 2235 22522
T o 3§ 3T 3 Q T 3T T TS & T 8 89 T T<2L TLYgLSETLH e QYO FO O F Y DD
ﬁ,,,ﬁm'm'm\ﬁ\ﬁﬁms»»mom-mmkQambs~3°:ﬁom»bm<
T 8 T g o 2 2 T35 T ITLT88 9 3T 2383 3T ey TETETIT s el 3
§S3sg83sTgeggfegzrseegsegiadgsssiedegs
S 3 S ] . 28 8 @
g 8§ 3%¢ 38 x 38888 3 3 3 33835 §88gs%¢ggids s
T F g T Qg Q = [} e o 3 o Y S S @ 2 S~ S S 5
L S = L 3 = o D 8 > 9 O T S 3 & & Q 3
< 3 ES o 2 < 5§ ° 33
a = : S ’ @, 2 3 2 =
@ e @ 2 2 ¢
2

Figure 3.4. rttR is conserved in Enterobacteriaceae. (A). Clustal Omega alignment of sgquences obtained
through a BLASTn search reveals sequence conservation of rttR (131-133). Highlighted in purple are rttR
sequences with 100% sequence identity. (B). Phylogenetic tree showing evolutionary relatedness of rttR
(132, 133).

To better understand the structure of rttR, several secondary and tertiary structure predictions were
completed (Figure 3.5). The predicted secondary structure using RNAfold (128) and VARNA (129) indicated
that rttR is highly structured with over 90 nucleotides out of its 178 nts being involved in base pairing (Figure
3.5, A, Figure S3.1). | further explored if rttR is likely to bind to the ribosome by analyzing the regions of

rRNA that rttR cross-linked to and where rttR is likely to align using Clustal Omega, IntaRNA, and RNAUp
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(132, 133, 135-138). Based on the dataset from Waters et al., one cross-linked region is helix 17 in the 16S
rRNA 5’ domain (Figure 3.5 B) (31). Manual alignment using Clustal Omega of the reverse sequence of
rttR to helix 17 indicates the potential for base pairing, which was previously experimentally validated
(Figure 3.5, B, C) (31). Interestingly, after visualizing this interaction using PyMOL, a structural alignment
including all atoms was generated yielding an RMSD of 3.5 A, indicating that rttR superimposes well on
helix 17 (Figure 3.5, D). Additional in silico analyses are found in Table S3.2. Taken together, rttR may bind

16S rRNA helix 17.
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Figure 3.5. rttR is predicted to bind to 16S rRNA helix 17. (A). Secondary structure of rttR predicted by
RNAfold and VARNA with nucleotides 148, 155-162, and 164 highlighted as predicted interacting
nucleotides from Waters et al. (31, 128, 129). (B). 16S rRNA secondary adapted from Noller structures
(http://rna.ucsc.edu/rnacenter/ribosome_images.html) with nucleotides 441-463 highlighted as predicted
interacting nucleotides (31, 156). The purple box indicates the side of helix 17 and rttR interaction. Shown
in purple are the nucleotides predicted to interact with rttR. (C). Alignment of rttR and helix 17 sequences
predicted by Clustal Omega (132, 133). Predicted base pairs are shown by black lines between the
respective nucleotides. (D). 70S ribosome (PDB: 6bu8) with tertiary structure of rttR aligned using PyMOL.
Beneath the 70S is an enlarged view focused on the alignment of the interacting nucleotides of rttR (purple)
and the 16S rRNA (light grey).

3.3.3: rancRNA candidates preferentially bind to ribosomes and ribosomal subunits

To determine if the rancRNA candidates selected indeed bind to ribosomes and/or ribosomal
subunits, nitrocellulose filter binding was performed (Figure 3.6, A, in vitro transcribed RNA shown in Figure
S3.3). As a binding control, tRNAP" was used which binds 70S ribosomes with an affinity of 99 nM,
consistent with the previously reported affinity of ~83 nM (157). As expected, no binding was observed
with individual subunits as the tRNA binding sites are only fully formed when the subunits associate (158).
The candidates arcZ, omrB, rprA, rttR, and rybA are capable of binding to the 70S with affinities ranging
from 17 nM to 117 nM (Figure 3.6, B, Table 3.5). Interestingly, binding affinity differences were observed
for some candidates between ribosomes and ribosomal subunits, but not all. ArcZ and rybA both have
higher affinities for the 70S (93 nM and 101 nM, respectively) but weaker binding for the 30S ribosomal
subunit for arcZ (273 nM) and 50S ribosomal subunit for rybA (195 nM) (Figure 3.6, Table 3.5). RprA also
has a higher affinity for the 70S (28 nM), but all dissociation constants are below 100 nM (50S — 82 nM,
30S — 78 nM) (Table 3.5). Out of all the candidates rancRNAs, omrB is the only candidate that binds all
ribosomal particles with high affinity (70S — 17 nM, 50S — 37 nM, and 30S — 19 nM) (Figure 3.6, Table 3.5).
Interestingly, rttR binds to the 70S (117 nM) but neither ribosomal subunit (Figure 3.6). Here, | confirm that
five of the six rancRNA candidates (arcZ, omrB, rprA, rttR, and rybA) are able to bind to 70S ribosomes

and/or 50S/30S ribosomal subunits with nanomolar affinity that is comparable or higher than tRNAPre,
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Figure 3.6. Binding of rancRNA candidates to ribosomes and ribosomal subunits. (A). Nitrocellulose filter
binding assay. In vitro transcribed RNA was labelled using y3?P-ATP. A set concentration of radiolabelled
RNA was incubated with varying concentrations of 70S, 50S, or 30S ribosomes,and subsequently pipetted
onto a nitrocellulose membrane. Following a washing step, ribosomes and ribosomes with any bound RNA
remain on top of the filter and free RNA is washed away. The retained radioactivity is then quantified using
scintillation counting. (B). Binding of candidates to 70S ribosome. All candidates bind to the 70S with similar
or tighter binding compared to the control. (C). Binding of candidates to the 50S ribosomal subunit. All
candidates bind to the 50S except for rttR. (D). Binding of candidates to the 30S ribosomal subunit. All
candidates bind to the 30S except for rttR. For all, tRNAPh¢ was used as a binding control.

Table 3.6. Apparent dissociation constants determined for rancRNA candidates (n=3 + SD, * denotes n=1).

Ribosome/Ribosomal arcZ omrB rprA rttR rybA tRNAPhe
Subunit Dissociation
Constant (nM)
70S (nM) 93122 175 28 + 9* 117 £ 23 101 £ 29 99 £ 20
50S (nM) 18877 37+8* 82+21 No binding 195+ 51 No binding
30S (nM) 273+69 19+8* 7821 43 + 26 164 £ 55 No binding

3.3.4: Assessing rancRNA candidate effects on translation

In order to determine if any of the rancRNA candidates have a direct effect on translation and to
minimize the influence of other factors present in the cellular environment, an in vitro coupled transcription-
translation system (PURExpress®) was used (159) (Figure 3.7, A, in vitro transcribed RNA shown in Figure
S3.3). Translation of eCFP encoded on pUC57 using the PURExpress® system allows for protein synthesis
to be monitored by measuring the endpoint fluorescence of eCFP. A control of eCFP being produced by
the PURExpress® system serves as the baseline fluorescence for eCFP (Figures 3.7, B, C, PURE). In the

presence of a rancRNA candidate, any increases or decreases in fluorescence compared to the control
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would indicate that a particular rancRNA candidate is capable affecting the production of eCFP. To
determine if this effect is specific to the sequence of the used candidate RNA, a scrambled version of the
respective RNA sequence was also included and had no effect on eCFP fluorescence (Figure 3.7, D, E).
When incubating the template and candidate rancRNA concurrently with the rest of the PURE components,
arcZ, rprA, rttR, and rybA did not influence eCFP fluorescence (Figure 3.7, B, C). However, addition of
omrB resulted in increased fluorescence. Incubating the rancRNA candidates with the PURE components
prior to adding the eCFP template, no significant increases or decreases on the fluorescence of eCFP could
be observed (Figure 3.7, D, E, Figure S3.4). Therefore, the in vitro translation assay is functional. However,
in the presence of the rancRNA candidates, there are minimal effects on protein production, with the

exception of omrB.
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Figure 3.7. rancRNA candidates, except for omrB, have minimal effects on translation in vitro. (A).
Overview of in vitro translation assay. Effects on the fluorescence of eCFP produced using the PURExpress
system with the addition of a rancRNA candidate in a 1:1 ratio to ribosomes (2.4 yM). Candidates were
either added at the same time as the plasmid encoding eCFP or pre-incubated for 15 minutes at 37 °C with
all PURE components followed by addition of the plasmid. (B, C). Candidate rancRNAs were added at the
same time as the eCFP template (n=3 + SD, * - p = 0.0181) or (D, E) pre-incubated with the PURE
components prior to adding the eCFP template (n=3 + SD).
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To determine if rttR’s limited effects on translation in vitro can also be seen in vivo, | used BONCAT
(140) (Figure 3.2). Here de novo protein synthesis can be monitored by incorporating the L-Methionine
analogue L-AHA during cell growth and extracted proteins can be labelled with the fluorescent dye DBCO-
carboxyrhodamine-110 through an alkene-alkyne reaction. By transforming E. coli BL21(DE3) cells with
pUC57 encodes rttR, rttR transcription is controllable by IPTG induction. To mimic the in vitro translation
assays, IPTG induction of the rancRNA candidates occurred at two different optical densities (ODeoo of 0.2
and 0.4), while L-AHA in both cases was added at an ODeoo of 0.4.(160). If rttR does indeed influence
global translation, one would expect to see either an increase or decrease in the fluorescence of the labelled
protein content when rttR transcription is induced. To determine if this effect is independent of the RNA
sequence being transcribed, a control experiment utilizing a scramble RNA was conducted as well (Figures
S3.6, S3.7, S3.8 B, Tables S3.6, S3.7). Overall, | do not observe any effects on translation under any of
three conditions, except for the 40-minute time point without IPTG induction (Figure S3.6 D). However, one
biological replicate appears to be skewing the average, resulting in significant changes at this point between
conditions (Figure S3.6 D, Tables S3.6, S3.7). Thus, it is likely that the control is effective in showing that

a randomized sequence of RNA is not impacting global translation.

Cellular growth during IPTG induction and L-AHA incorporation was monitored, revealing a similar
rate of growth when no IPTG was added or if IPTG was added at an ODeoo of 0.4 (Figure 3.8, C). However,
there is a slight delay in growth when IPTG was added at an ODeoo of 0.2, which is expected (Figure 3.8, C
(160)). Samples for protein extraction and fluorescent labelling were taken just prior to adding L-AHA (0-
minute time point) and every 20 minutes following the addition of L-AHA up to 60 minutes. The extracted
and labelled proteins from the time course and three tested conditions were subsequently analyzed via
SDS PAGE (Figures 3.8, A, B, Figure S3.5). The transcription of rttR was also confirmed by RT PCR (Figure
S3.8 A). For all conditions, the 0-minute time point (no L-AHA added) is lower compared to the rest of the
time points taken (Figure 3.8, A). This is expected as the chemical reaction between DBCO-
Carboxyrhodamine-110 dye and L-AHA is unable to occur. Qualitatively, there are minimal differences

when comparing the 20-, 40-, and 60-minute time points for the No IPTG and ODsoo 0.4 conditions (Figure
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3.8, A). For the ODsoo 0.2 condition, the fluorescence intensity for the 40- and 60-minute time points
increase compared to 20 minutes (Figure 3.8, A). Figure 3.8, B shows no significant differences in protein

levels after Coomassie staining, indicating the amount of protein loaded was equal for all samples.

To assess differences more quantitatively between the tested conditions, band intensities at 100
kDa and 35 kDa were analyzed by densitometry (Figure 3.8, D). Comparing the differences following rttR
transcription induction, a statistically significant decrease in intensity for both 20-minute time points
compared to the 20-minute time point with no IPTG induction can be observed (Table S3.4). However, the
time course in the absence of IPTG is inconclusive because the 0- and 60-minute time points show no
significant difference (Table S3.4). No significant differences are found between any time points for either
induction condition when compared to no IPTG induction (Table S3.4). Within each condition, there is a
statistically significant increase for the 20-minute and 40-minute time points when compared to the 0-minute
time point for the no IPTG condition and an increase for the 40-minute time point compared to the 0-minute
time point when IPTG was added at 0.2 ODsoo (Table S3.5). However, the standard error of means between
the three biological replicates makes it difficult to determine if this increase suggests an upregulatory effect
(161). No statistically significant changes are observed for when IPTG was added at 0.4 ODeoo (Table S3.5).
This indicates that rttR may not be able to be transcribed at a fast enough rate to determine any effects
when IPTG and L-AHA are added simultaneously (160). Altogether, rttR likely does not impact global

translation.

42



A |PTG Induction: No IPTG ~ ODgy 0.2 ODgyp 0.4
Time (min); 0 2040 60 0 20 4060 0O 20 40 60 ® ritR, No IPTG f
; ; e 0.6 M rtR, IPTG at 0.2 ODB00 8
——————————— . A ritR, IPTG at 0.4 ODG600 ™
E
| E ] ]
e s ®
o 5 z 99
— e p— *'“d R RS E ..
& B4 | 3 I x
11", bt o ] 2 +ipTG,
[ ki . i ST i ® E L-AHA
b4 ® ha
T . +IPTG
“ “ O.Gu 1(‘10 ) 2II)0 3(‘)0 400
[TRT é Time (minutes)
w 3.5
B D % 0 min
. a0 * 20 min |
IPTG Induction: No PTG~ ODgyp 0.2  ODgye 0.4 e” o 40 min
. , © * 50 min
Time (min): 0 204060 0 204060 0 20 40 60 225 1
E 20 -
£ -
&
& = - o -
= .3 -
10 - =B 1
C
5 0.0
= o & $
L& s 55
¥ Ng ot
o~ X
ks K2
<0 &
€ <
R

Figure 3.8. In vivo monitoring of global de novo protein synthesis. (A). 12% SDS PAGE of fluorescently
labelled proteins. (B). Same SDS PAGE stained with Coomassie blue. (C). Growth curve of E. coli
BL21(DE3) cells transformed with plasmid encoding rttR (n=3 + SEM). (D). Normalized fluorescence of
the 100 and 35 kDa bands identified in panel A and B (n=3 + SEM).

3.4: Discussion

rancRNAs have been discovered in all domains of life (14, 16-26). To gain a better understanding
of this RNA class in bacteria, | re-analyzed three reported RNAseq datasets to identify potential rancRNA
candidates in E. coli (Table S3.1) (30-32). Overall, | identified six candidates (arcZ, omrB, rprA, rttR, rybA,
and tpke11) (Figure 3.3, Table 3.4). From these, arcZ, omrB, and rprA have previously been reported to
interact with Hfg, a known RNA chaperone that facilitates interactions been ncRNA and their target mMRNA
(147, 151, 152). While Hfq is known to be involved in 30S subunit maturation, it is unknown if there are any
interactions where the ribosome, Hfg, sSRNA, and target mRNA form a complex (162, 163). In H. volcanii,

rancRNA_194 was reported to bind to the ribosome and regulate a specific mMRNA involved in xylose
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metabolism (17). Furthermore, TBSRNA37 is capable of simultaneously binding to the ribosome and target
mRNA in T. brucei (23). This suggests that rancRNAs may be able to bind to multiple targets as part of

their functional role, increasing the regulatory complexity of the mechanism of action.

Tpke11 is a putative ncRNA, that Neuhaus et al. have suggested is translated based on RIBOseq
data (32). However, Pinel-Marie et al. showed that SprF1 RNA, which contains a putative open reading
frame, can functions as a ncRNA in S. aureus. However, SprF1 RNA does not produce a protein when it
regulates translation attenuation under osmotic stress (26). This indicates that sRNAs can behave
differently depending on the environmental conditions, further supporting a highly complex regulatory
network. Although rybA has been implicated in aromatic amino acid synthesis regulation, it is still relatively

uncharacterized with respect to its cellular interactions (154).

Several rancRNAs identified in Saccharomyces cerevisiae, Haloferax volcanii, mammalian cells,
and Arabidopsis thaliana have been identified as tRNA-derived fragments (14, 16, 20, 21, 24, 25). RttR
was previously shown to be processed from the tyrT operon, encoding tyrosine tRNA tyrV (143). Given the
prevalence of tRNA related byproducts in rancRNA studies, they may be conserved amongst the domains
of life. To understand the sequence conservation of rttR, BLASTn searches demonstrated it is conserved
in enterobacteria (Figure 3.4), which is consistent with the overall close evolutionary relationship between
members of the Enterobacteriaceae family (164, 165). Previous experimental data revealed that rttR cross-
links to helix 17 in the 5’ domain of the 16S rRNA ((31), Figure 3.5, Table S3.2). Little experimental data is
available regarding the role of helix 17 during translation. Helix 17 is located on the periphery of the 30S
ribosomal subunit and is unlikely to play a critical role during initiation or elongation (166). Interestingly, rttR
superimposes well on helix 17 (RMSD = 3.5 A), suggesting that rttR may be mimicking this section of 16S
rRNA (Figure 3.5 D). Previous reports have identified similar behaviour for mRNA to aid in maintaining
stoichiometry between rRNA and ribosomal proteins (167-169). Ribosomal protein S16 is shown to bind
near the region where rttR resembles the structure of helix 17 (170, 171). S16 is a secondary binding
protein, requiring ribosomal proteins S4 and S20 for binding to the 16S rRNA 5’ domain and that aids in

suppressing excessive formation of 30S assembly intermediates (171, 172). | propose that rttR may
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function during the formation of the 30S ribosomal subunit by blocking interactions between helix 17 and
ribosomal protein S16, preventing progression of 30S ribosomal subunit maturation. This would limit the
number of ribosomes available for translation, which occurs during times of cellular stress (173, 174). Many
rancRNAs are known to function during cellular stress, such as osmotic shock (18, 26). The presence of

rttR associated with stressed ribosomes would need to be validated in the future.

The reported filter binding data confirms that rttR binds specifically to the 70S ribosome, and neither
the 50S or 30S ribosomal subunits (Figure 3.6, Table 3.5). Since helix 17 is located on the periphery of the
30S ribosomal subunit, binding to the 50S is not expected (166). To ensure that rttR is not binding in the
mRNA channel when binding to the 70S ribosome, an mRNA competition assay will need to be completed
(175). Interestingly, most of the candidate rancRNAs bind to 70S, 50S, and 30S ribosomes and subunits
(Table 3.5). This raises the question if the candidates are binding specifically or non-specifically. It is well
known that the components of the ribosome are able to interact with multiple RNA sequences, and contain
several nucleic acid binding motifs (176). To gain a better understanding of the dissociation constants of
RNA binding to the ribosome, further binding experiments with scramble RNAs and mRNA need to be
conducted (177). However, the fact that the tRNAP" control RNA does not bind to the 50S and 30S
ribosomal subunits alone and the nM affinity for the 70S ribosome suggest that the identified rancRNA
candidates are indeed specifically binding to the ribosome, which is consistent with their presence in the

initial RNA sequencing datasets (30-32).

If rttR acts during 30S ribosomal subunit assembly, it is unlikely that the process of translation
would be affected under conditions when primarily mature 30S ribosomal subunits are present. Consistent
with this assumption, rttR did not affect eCFP production when tested in the PURExpress® system (Figure
3.7. Figure S3.4). Use of the PURExpress® system to test the other rancRNA candidates for effects on
translation show that omrB has a positive effect on protein production when incubated concurrently with the
PURExpress® components (Figure 3.7). A positive regulatory effect for omrB is surprising because it is
known to be involved in negative regulatory pathways, although its mechanism of action is not completely

understood (151, 178). Given that this interaction occurred in purified and reconstructed minimal gene
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expression environment, omrB may have a previously unknown role in addition to its known targets (179).
Interestingly, when the rancRNA candidates were incubated with the PURExpress® components prior to
adding the eCFP template, neither increased nor decreased protein production. Given that the
PURExpress® system is a purified reconstituted minimal transcription-translation system, it is possible that
additional factors such as chaperones, may be necessary for the candidates to interact with the ribosome

(180).

Interestingly, rttR likely does not impact global translation based on the in vivo protein synthesis
assay using the BONCAT method (Figures 3.2, 3.8, S3.5, S3.6, S3.7, S3.8). Significant impacts on the 30S
ribosomal subunit formation would have resulted in an overall decrease in translation as immature 30S
ribosomal subunits enter translation initiation slowly and have lower translational fidelity (181, 182).
Although rttR has a high affinity for the ribosome, it is unknown what the actual concentration of rttR is
during the in vivo assay. While the number of ribosomes in E. coli fluctuates, approximately 6 800 ribosomes
are present per cell during mid-log phase growth (183). Additionally, immature 30S ribosomal subunits are
known to be utilized in translation during times of stress (182, 184). To better understand the state of the
30S ribosomal subunit, obtaining cryo-EM structures of rttR bound to the 70S ribosome would aid in
understanding if ribosome biogenesis is impacted by rttR in vivo (19, 185). Furthermore, | cannot rule out
that rttR may regulate specific mMRNAs as has been observed with rancRNA_194 (17). To address this
issue, mass spectrometry can be utilized to determine if specific proteins are up or downregulated (17,

161).

In conclusion, | have re-examined previously published data and identified and validated small
RNAs that are capable of binding to the 70S ribosome and/or 50S/30S ribosomal subunits. With a particular
focus on rttR, this work reports for the first-time equilibrium binding constants for five of the candidate
rancRNAs to the 70S ribosome and the 50S / 30S ribosomal subunits. Additionally, in vitro and in vivo
translation assays have been established to assess future rancRNA candidates. Although some of the
rancRNA candidates can modulate translation in vitro, no in vivo effects could be detected. Further

characterization is necessary to determine if rttR can indeed be classified as a rancRNA.
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3.5: Supplementary Information

Table S3.1. List of identified sRNAs found to associate with ribosomes in previously published datasets
(30-32). Highlighted in yellow are sRNAs found in all datasets indicated.

Waters etal., Smirnov et al., Neuhaus et al.,
sRNA 2017 2016 2017
arcZ X X X
arrS X
C0299 X X
C0343 X
C0362 X
C0465 X
chiX X
cpxQ X
csrB X X X
csrC X X
cyaR X X X
dicF X X
dsrA X X X
ffs X X
fnrS X X
gadY X X
gcvB X X X
glmY X X X
glmZ X X X
isrA X
isrB X X
istR X
mgrR X X
micA X X X
micC X X
micF X X X
micL X
micM X
omrA X X X
omrB X X X
orzP X
oxyS X X
psrD X
rdlA X
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Figure S3.1. Predicted secondary structure of rancRNA candidates using RNAfold and generated with

VARNA (128, 129).
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Table S3.2. In silico analysis predicting base pairing interactions of rancRNA candidates and 23S rRNA or

16S rRNA (31, 130, 132, 133, 135-138).

50

Cross-linked Region
RMSD (A) RMSD (A)
Candidate | 23S rRNA (atoms) 16S rRNA (atoms)
ArcZ 170-199 23.131 (228/248) 608-669 23.167 (625/638)
122 nt 784-804 5.850 (145/146) 918-954 11.911 (406/421)
1405-1469  23.695 (590/592) 1043-1079 16.184 (360/360)
2232-2257  13.647 (275/275) 1392-1464 25.028 (675/675)
2699-2740  16.663 (421/421)
Base Pairing Probabilty (IntaRNA)
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
182-193 0.947 (65/81) 923-930 0.693 (71/84)
785-803 5.625 (205/223) 1420-1429 5.070 (121/126)
1408-1418  5.065 (101/104)
2233-2254  2.258 (105/120)
2733-2739 1.192 (42/42)
Alignment to rRNA
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
2739-2742 0.148 (13/20)
RNAUp
RMSD (A) RMSD (A)
23S (atoms) 16S (atoms)
1248-1259  6.848 (109/109) 1408-1418 1.288 (122/124)
Cross-linked Region
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
OmrB 749-788 13.136 (357/357) 517-592 bp 32.225 (598/598)
82 nt 887-943 29.813 (488/488) 614-672 bp 34.716 (603/603)
1453-1497  32.084 (529/529) 1046-1067 bp  10.679 (210/210)
2272-2321  29.425 (515/515)
Base Pairing Probabilty (IntaRNA)
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
898-905 0.792 (40/43) 617-626 6.582 (143/143)
Alignment to rRNA
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
748-753 1.276 (16/18) 517-533 30.628 (201/201)
751-753 0.311 (12/18) 557-568 5.843 (104/106)
780-785 0.125 (12/18) 557-580 10.308 (242/242)




876-880 0.410 (20/20) 570-577 5.397 (100/101)
886-891 0.031 (13/20) 618-623 0.088 (13/20)
930-932 0.899 (15/18)
940-942 0.639 (15/18)
1451-1461 3.005 (42/43)
1495-1497 0.270 (18/22)
2172-2175 0.128 (15/20)
2183-2185 0.262 (22/22)
2306-2311 3.251 (59/61)
Base Pairing Probability (IntaRNA)
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
(1+)618-623 6.582 (143/143)
618-623(+1) 0.823 (51/60)
RNAUp
RMSD (A) RMSD (A)
23S (atoms) 16S (atoms)
1023-1026 0.090 (16/19) 1472-1482 2.752 (140/147)
Cross-linked Region
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
RprA 752-780 15.818 (379/380) 551-609 21.025 (481/481)
105 nt 859-891 14.394 (309/310) 1150-1249 20.511 (878/878)
Base Pairing Probabilty (IntaRNA)
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
774-780 0.076 (16/20) 578-601 6.859 (337/390)
868-884 4.166 (184/184)
Alignment to rRNA
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
751-753 0.284 (11/18) 557-580 13.911 (228/228)
780-783 0.081 (12/18) 606-609 0.753 (15/18)
876-880 0.218 (16/20) 1176-1183 0.212 (22/22)
886-891 0.189 (15/20) 1187-1191 0.469 (18/20)
1212-1214 0.121 (14/20)
1221-1223 0.093 (23/23)
1236-1241 0.133 (17/22)
Base Pairing Probability (IntaRNA)
RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
(2+)876- 1221-1223
880 0.528 (37/43) (+4) 4.555 (60/65)
RNAUp
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RMSD (A) RMSD (A)
23S (atoms) 16S (atoms)
1022-1027 5.276 (96/96) 1219-1234 8.839 (129/129)

Cross-linked Region

RMSD (A) RMSD (A)

23S rRNA (atoms) 16S rRNA (atoms)
RttR 1649-1693  14.268 (287/349) 441-463 3.504 (116/116)
171 nt 1166-1195 10.787 (169/179)

Base Pairing Probabilty (IntaRNA)

RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
1655-1662  1.783 (137/149) 444-450 0.685 (15/18)

1177-1187 0.123 (14/22)
Alignment to rRNA

RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
1652-1654 1.032 (16/18) 447-455 0.108 (12/18)
1671-1680  8.298 (120/120) 1166-1171 1.572 (32/42)
1687-1691 0.268 (23/23) 1176-1183 0.110 (16/20)

1187-1191 0.042 (18/22)
RNAUp
RMSD (A) RMSD (A)
23S (atoms) 16S (atoms)
857-863 0.319 (19/20) 418-429 6.227 (185/194)
Cross-linked Region

RMSD (A) RMSD (A)

23S rRNA (atoms) 16S rRNA (atoms)
RybA 426-450 15.165 (262/282)
89 nt 961-1012  24.489 (421/421)

Base Pairing Probabilty (IntaRNA)

RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)

433-445 1.187 (95/121)
Alignment to rRNA

RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)

426-432 2.306 (42/42)
445-448 0.079 (15/20)
971-975 0.706 (15/18)
979-986 0.758 (15/18)
990-992 0.678 (15/18)
1005-1011 0.747 (19/23)

Base Pairing Probability (IntaRNA)
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RMSD (A) RMSD (A)

23S rRNA (atoms) 16S rRNA (atoms)
426-432 2.661 (119/119)
RNAUp
RMSD (A) RMSD (A)
23S (atoms) 16S (atoms)

1429-1451  3.810 (322/358) 1221-1238 1.561 (217/271)
Cross-linked Region

RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
Tpke11 2388-2407  11.535 (207/207) 441-479 13.377 (294/294)
89 nt 572-597 17.548 (265/265)

1048-1078 15.499 (189/189)
Alignment to rRNA

RMSD (A) RMSD (A)
23S rRNA (atoms) 16S rRNA (atoms)
447-455 1.178 (16/18)
463-470 4.166 (61/62)
RNAUp
RMSD (A) RMSD (A)
23S (atoms) 16S (atoms)
2768-2783 5.858 (236/236) 1487-1492 134.2 (83/83)

1287066 ———sssssssssssssssssssm | 287328

p——

Figure S3.2. rttR genomic location in E. coli MG1655 (134). rttR is a part of the tyrT operon that encodes
for the tyrosine tRNA tyrV and the protein tpr (143, 186). The black line indicates the position in the E. coli
chromosome.
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Table S3.3. rancRNA candidate sequences and primers.

rancRNA

rancRNA Construct

Forward Primer

Reverse Primer

arcZ

omrB

rprA

rttR

rybA

5
TAATACGACTCACTATAGGGTGCGGCCTGAAA
AACAGTGCTGTGCCCTTGTAACTCATCATAAT
AATTTACGGCGCAGCCAAGATTTCCCTGGTGT
TGGCGCAGTATTCGCGCACCCCGGTCTAGCC
GGGGTCATTTTTTGGCCGGCATGGTCCCAGC
CTCCTCGCTGGCGCCGGCTGGGCAACATTCC
GAGGGGACCGTCCCCTCGGTAATGGCGAATG
GGACCTAGCATAACCCCTTGGGGCCTCTAAA
CGGGTCTTGAGGGGTTTTTTG-3’

5
TAATACGACTCACTATAGGGCCCAGAGGTATT
GATAGGTGAAGTCAACTTCGGGTTGAGCACAT
GAATTACACCAGCCTGCGCAGATGCGCAGGT
TTTTTTTGGCCGGCATGGTCCCAGCCTCCTCG
CTGGCGCCGGCTGGGCAACATTCCGAGGGG
ACCGTCCCCTCGGTAATGGCGAATGGGACCT
AGCATAACCCCTTGGGGCCTCTAAACGGGTC
TTGAGGGGTTTTTTG-3’

5
TAATACGACTCACTATAGGGACGGTTATAAAT
CAACATATTGATTTATAAGCATGGAAATCCCCT
GAGTGAAACAACGAATTGCTGTGTGTAGTCTT
TGCCCATCTCCCACGATGGGCTTTTTTTGGCC
GGCATGGTCCCAGCCTCCTCGCTGGCGCCG
GCTGGGCAACATTCCGAGGGGACCGTCCCCT
CGGTAATGGCGAATGGGACCTAGCATAACCC
CTTGGGGCCTCTAAACGGGTCTTGAGGGGTT
TTTTG-3

5-
TAATACGACTCACTATAGGGCAAAAGTCCCTG
AACTTCCCAACGAATCCGCAATTAAATATTCT
GCCCATGCGGGGAAGGATGAGAAGCTTCGAC
CAAGGTTCGACTCGAGCGCCAGCGAGAGAGC
GTTGCCGCAGGCAACGACCCGAAGGGCGAA
GCGCGCAGCGCTGAGTAATCCTTCCCCCACC
ACCAGGCCGGCATGGTCCCAGCCTCCTCGCT
GGCGCCGGCTGGGCAACATTCCGAGGGGAC
CGTCCCCTCGGTAATGGCGAATGGGACCTAG
CATAACCCCTTGGGGCCTCTAAACGGGTCTT
GAGGGGTTTTTTG-3

5-
TAATACGACTCACTATAGGGTCATCCCTCAAG
GATCGACGGGATTAGCAAGTCAGGAGGTCTT
ATGAATGAGTTCAAGAGGTGTATGCGCGTGTT
TAGTCATTCTCCCTGGCCGGCATGGTCCCAG
CCTCCTCGCTGGCGCCGGCTGGGCAACATTC
CGAGGGGACCGTCCCCTCGGTAATGGCGAAT
GGGACCTAGCATAACCCCTTGGGGCCTCTAA
ACGGGTCTTGAGGGGTTTTTTG-3

54

TAATACGACTC
ACTATAGGGT
GCGGC

TAATACGACTC
ACTATAGGGC
CCAGA

TAATACGACTC
ACTATAGGGA
CGGTTA

TAATACGACTC
ACTATAGGGC
AAAAGT

TAATACGACTC
ACTATAG

AAAAAATGACC
CCGGCTAGACC
G

AAAAACCTGCG
CATCTGCGCA

AAAAAGCCCAT
CGTGGGAGA

TGGTGGTGGG
GGAAGGATTAC
T

AGGGAGAATGA
CTAAACA



tpke 11 5- TAATACGACTC TTTTTAAATTGC

TAATACGACTCACTATAGGGTCGCCCTATAAA  ACTATAG CCCTAGA
CGGGTAATTATACTGACACGGGCGAAGGGGA
ATTTCCTCTCCGCCCGTGCATTCATCTAGGGG
CAATTTAAAAAAGAGGCCGGCATGGTCCCAG
CCTCCTCGCTGGCGCCGGCTGGGCAACATTC
CGAGGGGACCGTCCCCTCGGTAATGGCGAAT
GGGACCTAGCATAACCCCTTGGGGCCTCTAA

ACGGGTCTTGAGGGGTTTTTTG-3

Scramble  5'- TAATACGACTC CAAAAAACCCC
RNA GAATTCTAATACGACTCACTATAGGGGAACTC ACTATAGGGG TCAAGACCCGT
GCAAGGGTCGTGAAGTCGGTTCCTTCAATGG  AACTCGC TTAG

TTAAAAAACAAAGGCTTACTGTGCAGACTGGA
ACGCCCATCTAGCGGCTCGCGTCTTGAATGC

TCGGTCCCCTTTGTCATTCCGGATAAATCCCT
AGCATAACCCCTTGGGGCCTCTAAACGGGTC

TTGAGGGGTTTTTTGAAGCTT-3'

400 bp
300 bp

200 bp

100 bp

Figure S3.3. In vitro transcribed RNA of all rancRNA candidates and a scramble RNA control analyzed on
a 10% urea PAGE and stained with ethidium bromide. The RNA size marker is a low range riboruler
(Thermo Fisher).
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Figure S3.4. RT PCR of RNA added into PURExpress® system analyzed on a 10% native PAGE and
stained with ethidium bromide. The DNA size marker is a DNA low molecular weight ladder (NEB).
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Figure S3.5. Biological replicates of extracted proteins from BONCAT assay with rttR induction. (A). 12%
SDS PAGE of fluorescently labelled proteins (biological replicate 2). (B). Same SDS PAGE with Coomassie
staining (biological replicate 2). (C). 12% SDS PAGE of fluorescently labelled proteins (biological replicate
3). (D). Same SDS PAGE with Coomassie staining (biological replicate 3).

Table S3.4. Dunnett’'s multiple comparison test for quantitative analysis of rttR’s effect on in vivo translation
between different induction times (* - p < 0.05, ** - p < 0.01, ns — not significant).

Effect of rttR Between Conditions Padj (significance)

0 min

No IPTG vs IPTG at 0.2 ODsoo 0.9240 (ns)

No IPTG vs IPTG at 0.4 ODsoo 0.9982 (ns)
20 min

No IPTG vs IPTG at 0.2 ODsoo 0.0141 (%)

No IPTG vs IPTG at 0.4 ODsoo 0.0019 (**)
40 min

No IPTG vs IPTG at 0.2 ODseoo 0.4412 (ns)

No IPTG vs IPTG at 0.4 ODsoo 0.1292 (ns)
60 min

No IPTG vs IPTG at 0.2 ODseoo 0.5094 (ns)

No IPTG vs IPTG at 0.4 ODsoo 0.9925 (ns)
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Table S3.5. Dunnett’'s multiple comparison test for quantitative analysis of rttR’s effect on in vivo translation
within each induction condition (* - p < 0.05, ** - p < 0.01, ns — not significant).

Effect of rttR Within Conditions

Padj (significance)

No IPTG

0 min vs 20 min 0.0022 (**)

0 min vs 40 min 0.0050 (**)

0 min vs 60 min 0.9645 (ns)
IPTG at 0.2 ODgoo

0 min vs 20 min 0.5765 (ns)

0 min vs 40 min 0.0432 (%)

0 min vs 60 min 0.2183 (ns)
IPTG at 0.4 ODgoo

0 min vs 20 min 0.9987 (ns)

0 min vs 40 min 0.3367 (ns)

0 min vs 60 min 0.9119 (ns)

A IPTG Induction: No IPTG ODgg0 0.2 ODiqo 0.4 Scramble RNA, No IPTG
Time (min): 0 204060 0 20 4060 0 20 4060 0.8 Scramble RNA, IPTG at o]
T W 0.2 ODBO0
ol e ko e et ’E‘ Scramble RNA, IPTG at .
0.4 ODB00
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Figure S3.6. Control experiment of in vivo monitoring of global de novo protein synthesis with scramble
RNA induction. (A). 12% SDS PAGE of fluorescently labelled proteins. (B). Same SDS PAGE with
Coomassie blue staining. (C). Growth of E. coli BL21(DE3) cells transformed with plasmid encoding rttR
(n=3 = SEM). (D). Normalized fluorescence of the 100 and 35 kDa bands (n=3 + SEM).
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Figure S3.7. Biological replicates of extracted proteins from BONCAT assay with scramble RNA induction.
(A). 12% SDS PAGE of fluorescently labelled proteins (biological replicate 2). (B). Same SDS PAGE with
Coomassie staining (biological replicate 2). (C). 12% SDS PAGE of fluorescently labelled proteins
(biological replicate 3). (D). Same SDS PAGE with Coomassie staining (biological replicate 3).
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Figure S3.8. RT PCR of RNA transcribed during BONCAT assay analyzed on 10% native PAGE gels and
stained with Ethidium Bromide (ladder — 100 base pair, Thermo Scientific). (A). cDNA of rttR (178 nt) from
BONCAT assay. (B). cDNA of scramble RNA (198 nt) from BONCAT assay.
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Table S3.6. Dunnett’s multiple comparison test for quantitative analysis of the scramble RNA’s effect on in
vivo translation between induction conditions (*** - p < 0.001, ns — not significant).

Effect of rttR Between Conditions Padj (significance)

0 min

No IPTG vs IPTG at 0.2 ODsoo 0.1387 (ns)

No IPTG vs IPTG at 0.4 ODsoo 0.3186 (ns)
20 min

No IPTG vs IPTG at 0.2 ODeoo 0.9412 (ns)

No IPTG vs IPTG at 0.4 ODeoo 0.7220 (ns)
40 min

No IPTG vs IPTG at 0.2 ODsoo 0.0006 (***)

No IPTG vs IPTG at 0.4 ODsoo
60 min

No IPTG vs IPTG at 0.2 ODsoo

No IPTG vs IPTG at 0.4 ODsoo

Effect of rttR Within Conditions

0.0002 (***)

0.2957 (ns)
0.5279 (ns)

Table S3.7. Dunnett’s multiple comparison test for quantitative analysis of the scramble RNA'’s effect on in
vivo translation within the induction condition (**** - p < 0.0001, ns — not significant).

Padj (significance)

No IPTG

0 min vs 20 min 0.7836 (ns)

0 min vs 40 min <0.0001 (****)

0 min vs 60 min 0.2706 (ns)
IPTG at 0.2 ODeoo

0 min vs 20 min 0.8102 (ns)

0 min vs 40 min 0.8511 (ns)

0 min vs 60 min 0.2800 (ns)
IPTG at 0.4 ODgoo

0 min vs 20 min 0.9985 (ns)

0 min vs 40 min 0.9068 (ns)

0 min vs 60 min 0.8247 (ns)
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CHAPTER 4: Identification of potential rancRNA candidates under stress conditions in
Escherichia coli

4.1: Introduction

Translation is highly dynamic during cellular stress as cells up and down regulate the expression
of genes (187, 188). sSRNAs have long been known to be an important aspect in signalling during
environmental stress (7, 8, 189). Many studies provide evidence for sSRNAs acting post-transcriptionally by
base pairing with a target mRNA to modulate translation of the respective mRNA, to impact transcript

stability, or act in association with protein partners like Hfq (2, 190, 191).

Nutrient stress impacts metabolic regulation of the cell (192, 193). Known regulators in E. coli are
the RpoS pathway that has wide implications for gene regulation, as well as the carbon storage regulatory
(Csr) system including the protein CsrA and two small RNAs csrB and csrC (194-198). In addition to csrB
and csrC, only a few sRNAs have been characterized in E. coli that function during nutrient depravation
including cyaR, gcvB, and sdsN, inhibiting translation (199-201). However, there is still a lack of detailed
mechanistic understanding with respect to how the ribosome may be impacted by sRNAs (199, 202-204).
Interestingly, several rancRNAs in S. cerevisiae, T. brucei, and H. volcanii have been found to regulate the

ribosome during nutrient stress (17, 20, 22).

In several strains of Salmonella, the sRNAs rybB, cyaR, and invR are upregulated under
hyperosmotic stress, though the exact mechanisms of action are uncertain (205). In E. coli, rprA has been
shown to activate translation of the rpoS mRNA in response to osmotic stress (153). RancRNAs in S.
cerevisiae and S. aureus have also been shown to negatively regulate translation by binding the ribosome

during hyperosmotic stress (18, 20, 26).

Furthermore, sRNAs have been implicated in antibiotic resistance mechanisms (106, 206).
Intriguingly, the only rancRNA identified so far in bacteria was found to induce persister cell formation,
which promote antibiotic tolerance (26, 207). Interestingly, tetracyclines have been reported to increase the

formation of persister cells (208).

61



As reviewed in Chapters 1 and 2, rancRNAs have been proposed to impact translation under stress
(209). In bacteria, SprF1 RNA is the only sRNA that has been identified (S. aureus) to date (26). This
suggests that indeed rancRNA mechanisms are exploited for translation regulating in bacteria but have
been overlooked so far. | investigated if rancRNAs are present in E. coli under the following stress
conditions: nutrient starvation (M9 salts minimal medium), hyperosmotic, and antibiotic stress (1/2 minimum

inhibitory concentration (MIC) of tetracycline).

4.2: Methods
4.2.1: Ribosome isolation
High Speed SuGFoHe
Cell Lysis Gradient
_— Centrifugation ’
1) 55 000xg Loading

2) 535 000xg

Ultracentrifugation
89 340xg

0% ————— 15%
15%

o 708 ) ——
Absorbance Reading —
< o O
a_—
55 (254 nm) ; ~
308 ‘/ @
50%

Volume

Absorban

Figure 4.1. Overview of ribosome isolation protocol. E. coli MG1655 cells induced with a stress condition
are lysed and subsequently centrifuged in two steps to collect ribosomal particles. The ribosomal particles
are then separated by ultra centrifugation using a 15-50% sucrose gradient and subsequently fractionated
to obtain the respective ribosomal particles.

Cell Growth:

Overnight cultures of Escherichia coli MG1655 were grown in 50 mL of Luria Burtani (1% Sodium

Chloride (weight/volume), 1% Tryptone (w/v), 0.5% Yeast Extract (w/v), pH = 7) medium at 37 °C and 220
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rpm in a shaking incubator (Max® 4000 Barnstead Lab-Line). Cells were then centrifuged at 5 000xg for 10
minutes at 4 °C (Heraeus Multifuge X3R Centrifuge, Thermo Scientific), the cell pellet was resuspended in
fresh LB medium and used to inoculate 500 mL of LB medium at a starting optical density of 600 nm (ODsoo)
at 0.100. Cells were grown until ODesoo = 0.600 and harvested by centrifugation at 5 000xg for 15 minutes
at4 °C using a JLA 8.1000 rotor in an AvantiJ-26 XPI centrifuge (Beckman Coulter). The pellets were then
resuspended in 500 mL of fresh LB medium, 0.7 M NaCl containing LB medium, minimal medium (5x M9
salts, 1 M MgSOs4, 20% glucose (w/v), 1 M CaClz), or Y2 MIC (2 pug/mL) of tetracycline in LB medium. The
resulting cultures were then incubated for another 20 minutes at 37 °C and subsequently collected by
centrifugation using the same rotor and conditions as described above. After discarding the media, cells
were washed in 1 mL of cell opening buffer (20 mM Tris-Hydrochloric acid, pH = 7.6 at 4 °C, 60 mM
Ammonium Chloride, 5.25 mM Magnesium Acetate, 3 mM B-Mercaptoethanol) and transferred to a 15 mL
falcon tube. The cells were collected by centrifugation at 5 000xg for 10 minutes at 4 °C (Heraeus Multifuge
X3R Centrifuge, Thermo Scientific). The supernatant was discarded, and the resulting cell pellet (~0.7 g)

was flash frozen using liquid nitrogen and stored at -80 °C until further use.

Sucrose Density Gradient Ultracentrifugation:

An overview of the procedure for isolating ribosomes from E. coli MG1655 cells grown under stress
is shown in figure 4.1. Herein, this portion of the study was initially designed based on Smirnov et al. (30)
and thus focused on sequencing sRNAs isolated from 70S ribosomes and 50S/30S ribosomal subunits.
Frozen cell pellets of approximately 0.7 g were thawed and resuspended in 5 mL of cell opening buffer, 1
mg/mL lysozyme (BioBasic), a few crystals of DNase | (Sigma), and 0.016 U/uL of RNase inhibitor |
(Thermo Scientific). Cells were then lysed using a French pressure cell press at 4 000 psi (Sim-Aminco
Specironic Instruments) by passing the cell lysate through the machine three times. The cell lysate was
then centrifuged at 55 000xg for 30 minutes at 4 °C using an S140-AT rotor in a Sorvall MX 150 Micro-
Ultracentrifuge (Thermo Scientific). Subsequently, the cleared lysate was transferred to new tubes and
centrifuged at 535 000xg for two hours at 4 °C using the same rotor and centrifuge as in the previous step.

Ribosome pellets were slowly re-suspended in cell opening buffer on ice for at least two hours by gentle
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shaking. The absorbance at 260 nm of the dissolved pellet was determined using a BioDrop (MBI Lab
Equipment) and the total optical density (OD) was calculated (60-120 OD2so, 1 OD = Azeo *dilution
factor*total volume*path length).

Sucrose gradients were prepared using 50% sucrose (20 mM Tris-HCI, 60 mM NH4CI, 5.25 mM
MgAc2, 3 mM BME, 50% sucrose (w/v), pH =7.6 at 4 °C) and 15% sucrose (20 mM Tris-HCI, 60 mM NH4Cl,
5.25 mM MgAcz, 3 mM BME, 15% sucrose (w/v), pH = 7.6 at 4 °C). The gradients were formed using a
Gradient Master 108 (BioComp) in 38.4 mL open top tubes (Beckman Coulter). Equivalent amounts (50
ODs) of ribosomes collected as described above were loaded on each individual gradient. The samples
were then centrifuged at 89 340xg for 16 hours at 4 °C using an SW28 rotor (Beckman Coulter) in a
Beckman Coulter Optima XPN-100. Following centrifugation, the gradients were fractionated using an
AktaPrime Plus (GE Healthcare Life Sciences) and the absorbance at 254 nm was recorded to generate
an absorbance profile. The obtained absorbance profiles were subsequently analyzed using Microsoft
Excel (2016) and Prism GraphPad version 9. RNA was isolated from fractions that contained minimal cross-

contamination between 70S, 50S, and 30S ribosomal peaks.

4.2.2: Preparation of RNA for next generation sequencing

Sequencing and

Ribosome Isolation RNA Purification Size Selection cDNA Library Data Analysis

Q g rRNAs Adaptors

@ > — —— >

1. Phenol Chioroform Extraction 15% Urea-PAGE Gel Extraction Standard RNASeq Litrary 1) Differential Gene
2. Ethanal Precipitation Expression Analysis by Genewiz

-———— Preparation at Genewiz 2) Rockhopper

Figure 4.2. Overview of RNA preparation workflow for next generation sequencing. RNA is isolated from
ribosomal particles by phenol chloroform extraction and ethanol precipitation to enrich sRNAs for
subsequent gel extraction. A cDNA library is generated from the isolated sRNAs and sequenced using next
generation sequencing followed by bioinformatic analysis.
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Total RNA Purification:

The RNA purification workflow is summarized in figure 4.2. RNA from selected fractions
corresponding to the 70S, 50S, and 30S ribosomal particles was purified using phenol-chloroform extraction
in 2 mL phase-lock tubes according to the manufacturer’s protocol (Quantabio). The aqueous phase was
precipitated overnight at -20 °C in 100% isopropanol, 3 M NaOAc. pH 5.2, and glycoblue (Ambion) in 1.5
or 2 mL lo-bind tubes (Eppendorf). Samples were centrifuged at 13 000 rpm for 30 minutes at 4 °C (Sorvall
Legend Micro 17R, Thermo Scientific). The supernatant was decanted, and the RNA pellet was washed
with 70% ethanol and centrifuged using the same conditions as before. After discarding the supernatant,
pellets were dried in a fume hood for approximately 20 minutes and the resulting dried pellets were

resuspended in nuclease-free water (New England Biolabs).

Size Selection:

To eliminate ribosomal RNA and enrich for small RNAs, the purified samples and a low range
riboruler (Thermo Fisher) were heated to 95 °C for 10 minutes. A 15% urea polyacrylamide gel was pre-
heated at 300V for 30 minutes in hot 1x TBE buffer (130 mM Tris (pH 7.6), 45 mM borate, 2.5 mM EDTA).
Subsequently, the purified RNA samples and size marker were separated on the pre-heated 15% urea
polyacrylamide gel at 300V for 30 minutes. RNA was visualized via UV shadowing and the whole length of
the lane below the 300-base pair marker band was extracted. The gel slices were then mixed with 2 volumes
of gel extraction solution (0.3 M Sodium Acetate, 50 mM EDTA, pH = 7.0) in 2 mL lo-bind microcentrifuge
tubes and shaken overnight at 4 °C with a rocker at speed/tilt 15 (Fisher Scentific). The tubes were then
centrifuged at 5 000xg for one minute (Sorvall Legend Micro 17R, Thermo Scientific) and the resulting
supernatant was transferred to a new 2 mL lo-bind microfuge tube. RNA was precipitated overnight at -20
°C in 100% isopropanol, 3 M NaOAc. pH 5.2, and glycoblue (Ambion) in 1.5 or 2 mL lo-bind tubes
(Eppendorf). Samples were subsequently centrifuged at 13 000 rpm for 15 minutes at 4 °C (Sorvall Legend
Micro 17R, Thermo Scientific) and the resulting supernatant was decanted. The RNA pellet was washed
with 70% ethanol and centrifuged using the same conditions as before. After discarding the supernatant,

pellets were dried in a fume hood for approximately 20 minutes. Dried pellets were resuspended in
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nuclease-free water (NEB). Collected samples were used to generate a cDNA library by reverse
transcription PCR, followed by adaptor ligation and subjected to NGS using an lllumina HiSeq (2x 150 bp

paired end) (cDNA library preparation and NGS completed by Azenta/Genewiz).

4.2.3: Bioinformatic analysis

A two-pronged approach was used to analyze the obtained sequencing data (Azenta/Genewiz).
The first analysis was completed by Azenta/Genewiz. After evaluating sequence quality, reads were
trimmed using Trimmomatic v.0.36 (210) and mapped to the E. coli genome ((211), GenBank number:
U00096.3) using Bowtie2 to generate Binary Alignment Map (BAM) files and mapping statistics (212). The
unique gene hit counts were then extracted using featureCounts v.1.5.2 (213) and differential gene
expression analysis comparing the LB 70S, 50S, and 30S ribosomes and ribosomal subunits to the
ribosomes and ribosomal subunits from the stress conditions was completed with DESeq2 using gene hit
counts (number of reads that map to the specific gene) greater than 10 (214). P-values were calculated
using the Wald test and log2fold changes based on an estimated size factor (library size and composition)
and dispersion (variability between biological replicates) for each gene relying on the assumption that most
genes will not be differentially expressed. Adjusted p-values less than 0.05 and absolute log2fold changes

greater than 1 were identified as being significant.

To categorize the RNA as non-coding RNA (ncRNA), rRNA, coding RNA, or tRNA, the list of genes
from the DESeq2 analysis was input into PANTHER v16 (215) to determine which genes encode proteins.
Genes that did not match to any genes within the PANTHER database were manually categorized using
EcoCyc (134). The data was then further analyzed using Microsoft Excel (2016) and GraphPad Prism

version 9.

The second analysis was used to identify non-annotated transcripts, using the Rockhopper
computational analysis system (216-218). In brief, trimmed FastQ files from Azenta/Genewiz were used as
input for Rockhopper along with the annotated reference genome for E. coli ((211), GenBank number:

U00096.3). Rockhopper aligned the sequence reads to the reference genome using a Burrows-Wheeler
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index, and the read counts were normalized with upper quartile normalization to allow samples to be
compared (216). Transcript boundaries were identified, and novel transcripts were predicted in between
these boundaries. Results were viewed using Integrative Genomics Viewer (219) and transcripts with a
false discovery rate of less than 0.01 were deemed significant. Data was further analyzed using Microsoft

Excel (2016) and GraphPad Prism version 9.

4.3 Results

4.3.1: sRNA isolation and sequencing

To obtain small RNAs associated with ribosomes for sequencing, 70S ribosomes, and the 50S/30S
ribosomal subunits were separated using sucrose (15-50%) gradient density ultracentrifugation. The
respective three peaks (70S/50S/30S) were observed for the ribosome pool collected from cells grown in
LB, minimal medium, and hyperosmotic conditions (Figure 4.3). Interestingly, four peaks were observed for
the cells grown in the presence of tetracycline, with an additional peak in the <30S region. Visual inspection
of the ratio of the 50S and 30S peaks relative to the 70S peak revealed an increase in 50S and 30S
ribosomal subunits for cells grown under the hyperosmotic condition. For the minimal medium condition,
the lowest quantity of ribosomes and ribosomal subunits were collected although more free RNA was

present.
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Figure 4.3. Induced stress conditions affect ribosomes and ribosomal subunit abundance and distributions.
50 OD2s0 of re-suspended ribosome pellets from Escherichia coli MG1655 cells grown with different stress
conditions were loaded onto a 15-50% sucrose gradient and separated using ultracentrifugation. Gradients
were fractionated and total RNA was extracted from select fractions (shown for LB condition below the
gradient). Representative gradient profiles for each condition are shown.

To ensure that sSRNAs would be present in the expected size range for bacteria (20-300 nt) and to
reduce rRNA contamination, an enrichment step was necessary (63, 64). To this end, extracted RNA was
separated using 10% (staining with Sybr Gold, only bands corresponding to rRNA were detectable (Figure
S4.1)) or 15% urea PAGE and the part of each lane corresponding to below 300 nt was excised. In total,
39 samples (9 samples for the LB, hyperosmotic, and minimal medium conditions each and 12 samples for

the tetracycline condition) were submitted for commercial cDNA library generation and Illumina sequencing.
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4.3.2: Ribosomal RNA is present in all sequencing reads

Bioinformatic analyses for each condition was completed by comparing the LB control condition
(LB 30S - LB30S, LB 50S — LB50S, LB 70S — LB70S) to the other three conditions (Minimal Medium 30S
— MM30S, Minimal Medium 50S — MM50S, Minimal Medium 70S — MM70S, Hyperosmotic 30S — S30S,
Hyperosmotic 50S — S50S, Hyperosmotic 70S — S70S, Tetracycline 30S peak1 — T30S1, Tetracycline 30S
peak2 — T30S2, Tetracycline 50S — T50S, Tetracycline 70S — T70S). On average, 92.9% of reads across
all samples mapped to the reference genome (Tables S4.1-4.4). At least two biological replicates for each

sample had similar read counts with unique reads ranging from 239660 to 22256952 reads.

The majority of samples were found to have more reads compared to the LB control condition
samples (MM70S — 7.4x more, MM50S — 35x more, MM30S — 28x more, S70S — 9x more, S50S — 13x
more, S30S — 8.5x more) (Figure 4.4, 4.5). In contrast, the tetracycline condition yielded comparable or
lower reads when compared to the control LB condition samples (T70S — 1.08x more, T50S — 2.68x less,
T30S1 —1.4x less, T30S2 — 2.2x less) (Figure 4.6, 4.7). Analysis of the number of reads with respect to the
type of RNA (ncRNA, coding RNA, tRNA, or rRNA), revealed that rRNA related reads were the most
abundant reads for all conditions and samples (MM — 98-99%, S — 98-99%, T — 89-96%, LB — 95-97%).
Interestingly, the rRNA operons are shown to have reads enriched in specific locations of the rRNA
sequence (Figure S4.2). The abundance of coding RNA and ncRNA reads is lower for all samples when
compared to the LB control samples (MM: coding RNA - 0.05-0.49%, ncRNA — 0.05-0.57%, S: coding RNA
— 0.25-0.64%, ncRNA — 0.1-0.43%, LB: coding RNA — 2.6-3.5%, ncRNA — 0.24-1.2%). All tetracycline
samples, except for T70S, yielded more reads for coding and ncRNA when compared to the respective LB
control sample (T: coding RNA — 3-9.6%, ncRNA — 0.17-0.83%, LB: coding RNA — 2.7-3.5%, ncRNA —
0.24-1.2%). The respective tRNA reads fractions are only higher for T30S1 (0.1%), T30S2 (0.28%), and

T50S (0.1%) compared to the LB30S (0.02%) and LB50S (0.01%) samples.
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Figure 4.4. Reads for the minimal medium condition are mostly ribosomal RNA. The sum of the normalized
hit counts for each classification (total indicated below each pie graph) were compared for the LB and
minimal medium conditions using the average of three biological replicates after DESeq2 analysis. (A-C).
Read counts distribution for LB condition for 30S, 50S, and 70S, respectively. (D-F). Read count distribution
for minimal medium condition for 30S, 50S, and 70S, respectively.
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Figure 4.5. Ribosomal RNA makes up the majority of reads for the hyperosmotic condition. The sum of the
normalized hit counts for each classification (total below each pie graph) were compared for the LB and
hyperosmotic conditions using the average of three biological replicates after DESeq2 analysis. (A-C).
Read count distribution for LB condition for 30S, 50S, and 70S, respectively. (D-F). Read count distribution
for hyperosmotic condition for 30S, 50S, and 70S, respectively.
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Figure 4.6. Coding RNA reads are more abundant in the 30S region during tetracycline stress. The sum of
the normalized hit counts for each classification (total below each pie graph) were compared for the LB and
tetracycline conditions using the average of three biological replicates after DESeq2 analysis. (A, B). Read
count distribution for LB condition for the 30S. (C, D). Read count distribution for tetracycline condition for
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Figure 4.7. Increase in coding RNA and tRNA reads for the 50S tetracycline condition. The sum of the
normalized hit counts for each classification (total below each pie graph) were compared for the LB and
tetracycline conditions using the average of three biological replicates after DESeq2 analysis. (A, B). Read
count distribution for LB condition for 50S and 70S, respectively. (C, D). Read count distribution for
tetracycline condition for 50S and 70S, respectively.
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4.3.3: Sequencing reads primarily map to Coding RNA genes

To determine what genes the obtained reads represent, a gene hit list for the different conditions
were compared. Obtained reads primarily map to coding RNA (Figure 4.8, 4.9, 4.10, 4.11). Interestingly,
the total number of hits are lower for the minimal medium condition when compared to the LB condition
(MM70S - 19%, MM50S — 38%, and MM30S — 32%). However, there are only minimal differences between
ncRNA, tRNA, and rRNA encoding genes for the minimal medium, hyperosmotic, and tetracycline

conditions compared to the LB condition.
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Figure 4.8. Less reads mapping to genes are identified in the minimal medium condition sample. The total
number of genes identifies (total underneath each pie chart) identified in the DESeqg2 analysis were
compared between the LB and minimal medium conditions. Genes with 0 hit counts were not included in
the total. (A-C). Fraction of reads mapping to genes present in LB condition for 30S, 50S, and 70S,
respectively. (D-F). Fraction of reads mapping to genes present in minimal medium condition for 30S, 50S,
and 70S, respectively.
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Figure 4.9. The hyperosmotic condition has a decrease in total reads mapping to genes. The total number
of genes identified (total beneath each pie chart) from the DESeq2 analysis were compared for the LB and
hyperosmotic conditions. Genes with 0 hit counts were not included in the total. (A-C). Fraction of reads
mapping to genes in LB condition for 30S, 50S, and 70S, respectively. (D-F). Fraction of reads mapping
to genes in hyperosmotic condition for 30S, 50S, and 70S, respectively.
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Figure 4.10. Total number of genes does not vary between tetracycline and LB conditions in the 30S region.
The total number of genes (total underneath each pie chart) from the DESeq2 analysis were compared for
the LB and tetracycline conditions. Genes with 0 hit counts were not included in the total. (A, B). Fraction
of reads mapping to genes present in LB condition for the 30S. (C, D). Fraction of reads mapping to genes
present in tetracycline condition for 30S1 and 30S2 peaks, respectively.
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Figure 4.11. A higher number of tRNA gene related reads are present in the 50S than the 70S. The total
number of genes (total underneath each pie chart) from the DESeq2 analysis were compared for the LB
and tetracycline conditions. Genes with 0 hit counts were not included in the total. (A, B). Fraction of reads
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4.3.4: Few ncRNAs are present in ribosomal particles under minimal medium stress

To address if any ncRNAs present were significantly represented under minimal medium stress
when compared to the LB control condition, the samples were analyzed using DESeq2 with a p-value of
less than 0.05 being identified as significant. MM30S has the most ncRNAs identified with 23, while MM50S
has 15 and MM70S has 14 (Figure 4.12). Overall, the proportion of normalized mean hit counts for all
ncRNAs is higher under minimal medium condition (Figure 4.12, A-C, Table S4.5). However, the only
significant hit identified in the minimal medium condition is ffs, which encodes the 4.5S RNA component of

the signal recognition particle, in MM30S with a five-fold increase (p=0.040).
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Figure 4.12. ffs is more abundant in the 30S in minimal medium (* = p < 0.05). The analysis was completed
using DESeq2 (214). (A-C). The proportion of hit counts for ncRNAs between the LB and minimal medium
conditions. The x-axis is on a logarithmic scale. (D-F). Fold changes of ncRNAs between the LB and
minimal medium conditions.

Because the DESeq2 analysis is only able to identify annotated transcripts, additional analyses

were conducted using Rockhopper to identify novel sRNAs in unannotated regions of the E. coli genome.

75



Strikingly, more ncRNAs were identified in this analysis for MM70S (45), MM50S (46), and MM30S (58)
(Table S4.8). All ncRNAs identified in the DESeq2 analysis are also present in the Rockhopper analysis.
Figure 4.13 summarizes the ncRNAs identified as having a significant differential abundance in comparison
to the LB control condition (q < 0.01). Most ncRNAs are more abundantin MM70S (abundant ncRNAs: chiX
— g = 0.0001, cpxQ — q = 2.5x10%, gadY — q = 7.55x10-%, rydB — q = 0.0039, ryhB —q =0, ryjB — q =
6.58x10-20, sdhX — q = 9.00x10-?7; low abundance ncRNAs: gcvB — q = 7.90x10-"6, ryeA — q = 0.0023, sroE
— g = 4.63x1077) and MM50S (abundant ncRNAs: rydB — q = 1.75x10-"%, rydC — q = 6.64x10°°, ryhB — q
= 9.22x10 "%, ryjA — q = 3.16x10'%; low abundance ncRNA: gcvB — q = 1.66x10-47) compared to LB70S
and LB50S, respectively. However, the majority of ncRNAs are in low abundance for MM30S (abundant
ncRNAs: ffs — q = 2.62x102°, rydB — q = 2.05x10"7", ryhB — q = 0; low abundance ncRNAs: agrA — q =
3.31x1021, csrC — q = 0.0046, gcvB — g = 0.0074, micL — q = 6.66x104", rdlIA — q = 2.76x10'2, rdID — q =
2.53x10 ", ryeA — q = 6.30x10°°, ryfA — g = 1.77x10%, sdsR — q = 0.0037, sibA — q = 8.05x10-%7, sokC — q
= 1.37x108, sroC — q = 4.96x10%', symR — q = 2.16x10-'2) when compared to LB30S. In agreement with
both analysis techniques, fss is significantly abundant in MM30S. Interestingly, several ncRNAs are absent
(transcript abundance = 0) in the minimal medium condition when compared to the LB condition (MM70S

- 18, MM50S - 27, MM30S — 15) (Table S4.8).
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Figure 4.13. ncRNAs are predominantly lower in abundance for the minimal medium 30S compared to the
LB 30S (** =q<0.01, *** =q < 0.001, *** = q < 0.0001). The analysis was completed using Rockhopper
(216-218). (A-C). Proportion of increased or reduced abundance transcripts when compared between the
LB and minimal medium conditions. The x-axis is on a logarithmic scale. (D-F). Fold changes for high or
low abundance ncRNAs.
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4.3.5: ncRNAs are abundant with 50S and 30S ribosomal subunits under hyperosmotic stress

A comparable number of ncRNAs are identified for both the hyperosmotic condition (S70S — 15,
S50S - 15, S30S — 25) and the minimal medium condition when compared to the corresponding LB control
(Figure 4.14, Table S4.6). Three ncRNAs are identified for S30S (gimY — p = 0.007, ryeA — p = 0.037, and

sibC — p = 0.047) and two ncRNAs for S50S (gimY — p = 0.006 and ssrS — p = 0.027).
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Figure 4.14. Five ncRNAs are significantly enriched in the 30S and 50S ribosomal subunits (* = p < 0.05,
** = p < 0.01). The analysis was completed using DESeqg2 (214). (A-C). The proportion of hit counts for
ncRNAs between the LB and hyperosmotic conditions. The x-axis is on a logarithmic scale. (D-F). Fold
changes of ncRNAs between the LB and hyperosmotic conditions.

For the Rockhopper analysis, more ncRNAs are identified in S70S (43), S50S (52), and S30S (69)
compared to the DESeq2 analysis (Table S4.9). A similar number of ncRNAs are present in high or low
abundance for S50S (abundant ncRNAs: cpxQ — q = 0.0005, gimY — q = 8.74x10-%, pspH — g = 0.0002,
rdIB — g = 6.22x10'6, rdIC — q = 1.24x104", rttR — q = 4.66x10-2%, sroA — g = 1.17x10-""; low abundance

ncRNAs: arcZ — q = 2.70x10-2%, gcvB — q = 3.49x10-'2, micA — q = 4.81-36, oxyS — q = 1.56x10"9, ryjB —q =
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0.0002, sibA —q = 1.41x10"", sibB — g = 0.0052) and S30S (abundant ncRNAs: cpxQ — q = 1.28x10-6, micF
—q=3.14x109, rdIC — q = 7.20x10"", rttR — q = 5.03x10-"°, rydB — q = 9.17x10-%; low abundance ncRNAs:
fnrS — q = 4.63x107, gadY — q = 3.26x10%, gcvB — q = 0.0004, mgrR — q = 8.88x105, rprA — q = 8.99x10"
17, sibA — q =4.08x101%7, sibB — q = 2.96x10-28) when compared to LB50S and LB30S, respectively (Figure
4.15 A-D). In contrast, almost all ncRNAs are present with high abundance in S70S (abundant ncRNAs:
JETS-leuZ — q = 1.26x10%, cpxQ — q = 1.20x106, gimY — g = 3.44x107, istR —q = 3.17x10"", ritR — q =
0.0019, ryfD — g = 0.0016, sdhX — g = 3.65x10; low abundance ncRNAs: gcvB — q = 0.0012) compared to
LB70S (Figure 4.15 C, F). Interestingly, a predicted RNA (PR1S70S, q = 9.14x10-'19) is also identified for
S70S. Additionally, some ncRNAs are absent in the hyperosmotic condition (S70S — 24, S50S — 19, S30S

—9) when compared to the LB control condition (Table S4.9).
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Figure 4.15. ncRNAs are significantly enriched in the hyperosmotic 70S when compared to the LB 70S (**
=g <0.01, "™ =q<0.001, *** = q < 0.0001). The analysis was completed using Rockhopper (216-218).
(A-C). Proportion of significant transcripts enriched when comparing the LB and hyperosmotic conditions.
The x-axis is on a logarithmic scale. (D-F). Fold changes for significant ncRNAs.
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4.3.6: ncRNAs are enriched in the Tetracycline 30S2 peak

Of all the conditions, the T30S1 and T30S2 peaks have the most ncRNAs present (T70S — 20,
T50S — 33, T30S1 — 33, T30S2 — 41) (Figure 4.16, Table S4.7). Remarkably, more ncRNAs are abundant
in the 30S2 peak compared to LB30S. Additionally, both peaks have the largest number significantly
enriched or depleted ncRNAs when compared to LB30S, with T30S1 having seven (abundant ncRNAs:
cyaR —p =0.008, mgrR — p = 0.032, oxyS — p = 0.008, rttR — p = 0.038, ryjA — p = 0.047, sraB — p = 0.038;
low abundance ncRNA: ffs — p = 0.039) and T30S2 having eight (abundant ncRNAs: cyaR — p = 0.029,

mgrR — p = 0.037, oxyS — 0.020, rttR — p = 0.004, ryfA —p = 0.043, ryjA — p = 0.020, sibD — p = 0.014, sraB
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Figure 4.16. More ncRNAs are enriched in the 30S2 peak than in the 30S1 peak (* = p < 0.05, ™ =p <
0.01). The analysis was completed using DESeq2 (214). (A, B). The proportion of hit counts for ncRNAs
between the LB and tetracycline conditions. The x-axis is on a logarithmic scale. (C, D). Fold changes of
ncRNAs when comparing between the LB and tetracycline conditions.
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While T50S has a higher number of ncRNAs identified (33), T70S (20) is similar to the minimal
medium and hyperosmotic conditions (Figure 4.17, Table S4.7). No ncRNAs are found to be significantly
in high or low abundance for T70S when compared to LB70S. For T50S, three ncRNAs show significantly

differential abundance (abundant ncRNAs: rttR — p = 0.010, ryjA — p = 0.049; low abundance ncRNA: ssrA
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Figure 4.17. No ncRNAs are significantly more abundant or in lower abundance for the 70S ribosome when
compared to the LB 70S (* = p > 0.05, ** = p > 0.01). The analysis was completed using DESeq2 (214). (A,
B). The proportion of hit counts for ncRNAs between the LB and tetracycline conditions. The x-axis is on a
logarithmic scale. (C, D). Fold changes of ncRNAs when comparing between the LB and tetracycline
conditions.

For the Rockhopper analysis, more ncRNAs are present in the tetracycline condition when
compared to the hyperosmotic and minimal medium conditions (T70S — 72, T50S — 70, T30S1 — 74, T30S2

—78) (Table S4.10). Strikingly, more ncRNAs have significantly lower abundance in T30S1 when compared
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to LB30S (abundant ncRNAs: cyaR — q = 2.63x10-%2, oxyS — q = 0.0008, rdIB — q = 4.38x10"°, rdIC — q =
2.93x10%, rttR — g = 1.17x10%8, rydC — q = 0.0022, sokE — g = 2.81x107; low abundance ncRNAs: csrB —
g = 1.88x10-%81, ffs — q = 0.0004, fnrS — q = 0.0056, gimY — q = 4.91x10%, omrA —q = 1.18x10-%, omrB — q
=1.34x1039, rprA— q = 1.67x10%, ryeA —q = 4.11x10-'23, ryfD — g = 1.08x1077, sdsR — q = 2.22x10-8, sgrS
—qg=1.06x10%, sibA —q =6.16x10%7, sibB — q = 2.49x10-'4, sokB — q = 1.80x10-5, sroH — g = 0.0011, ssrS

— q = 2.03x10-"58) (Figure 4.18 A, C).

In T30S2, there is a proportional distribution of significantly high and low abundance ncRNAs in
comparison to LB30S (abundant ncRNAs: 3'ETS-leuZ — q = 1.11x10%, cyaR — g = 0.0003, rdIB — q =
6.69x10-'8, rdIC — q = 1.76x10%2, rdID — g = 0.0021, rttR — q = 0, rydC — q = 0.0056, ryfA — q = 2.50x10-5,
ryjA —q =6.42x10, sibD — q = 0.0002, sokE — q = 6.20x10-'6; low abundance ncRNAs: cpxQ — q = 1.98x10-
7, csrB — q = 4.96x10°", omrB — q = 2.37x10%, ryeA — q = 7.88x10°%, sdsR — q = 7.71x10%, sgrS — q =
0.0014, sibA — q = 8.55x10, sibB — q = 6.93x10%) (Figure 4.18 B, D). One predicted RNA was found for
T30S1 (PR1T30S1 — g = 9.70x10+") and four for T30S2 (PR1T30S2 — q = 1.43x10-'6, PR2T30S2 — q = 0,
PR3T30S2 — q = 0, PR4T30S2 — q = 3.14x10-'3). Similarly, to the hyperosmotic and minimal medium
conditions, some ncRNAs are absent in the tetracycline condition compared to the LB condition (T30S1 —

5, T30S2 — 4) (Table S4.10).
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Figure 4.18. ncRNAs are in low abundance in the 30S1 peak and abundant in the 30S2 peak when
compared to the LB 30S (** = q < 0.01, *™* = g < 0.001, *** = q < 0.0001). The analysis was completed
using Rockhopper (216-218). (A, B). Proportion of significant transcripts between the LB and tetracycline
conditions. The x-axis is on a logarithmic scale. (C, D). Fold changes for significant ncRNAs.

The majority of ncRNAs are significantly abundant in both T50S (abundant ncRNAs: 3’'ETS-leuZ —
g =5.03x107, agrB — q = 3.83x10%, eyeA — q = 8.26x105, oxyS — q = 8.26x107, rdIB — g = 3.16x10-'26, rdIC
—q=0,rdlD-q=28.14x105, rirA —q = 5.71x10°, rttR — q = 0, rydC — q = 1.03x10-10, ryfA — q = 3.57x107,
ryjA —q = 3.32x10*!, spf —q = 0.0053, symR — q = 6.35x10-3; low abundance ncRNAs: cpxQ — q = 9.88x10-
33, csrB — g = 1.37x1019, ffs — q = 7.64x107, gimY — q = 0.0068, sgrS — q = 3.62x108, ssrA — q = 7.24x10"
5 ssrS — q = 0.0026) and T70S (abundant ncRNAs: 3’ETS-leuZ — q = 9.57x10%2, cyaR — q = 2.62x107,
eyeA — q = 0.0020, mcaS — q = 0.0068, rdIC — g = 2.66x10-%7, rttR — q = 1.42x103, ryjB — q = 1.80x10%3,
sdhX — q =5.09x10-9, sdsN — q = 4.92x10-%, sibD — g = 0.0007, sraB — q = 0.0040, sroE — q = 0.0062; low

abundance ncRNA: csrB — q = 0.0054) when compared to LB50S and LB70S, respectively (Figure 4.19).
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Two predicted RNAs are also identified for the 50S subunit (PR1T50S — q = 8.58x10°, PR2T50S — q =
1.77x10-%6). As ncRNAs are absent in the 30S peaks, there are also some ncRNAs absent for T70S (4) and

T50S (7) when compared to LB70S and LB50S, respectively (Table S4.10).
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Figure 4.19. Majority of the ncRNAs are abundant in both the 50S and 70S when compared to the LB 50S
and 70S ribosomal particles (** = q < 0.01, *** = q < 0.001, **** = q < 0.0001). The analysis was completed
using Rockhopper (216-218). (A, B). Proportion of significant transcripts comparing the LB and tetracycline
conditions. The x-axis is on a logarithmic scale. (C, D). Fold changes for significant ncRNAs.

4.3.7: Comparison between conditions reveals a common response to stress

Looking at the overlap of all ncRNAs identified from the DESeq2 analysis in all conditions, most
ncRNAs are present in all stress conditions, although tetracycline did have some ncRNAs exclusively
identified in all sequenced particles (Figure 4.20, A-C)). Additionally, the hyperosmotic and tetracycline

conditions shared a couple ncRNAs (ryfA, sibC) while the minimal medium condition did not have any
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identified exclusively. Looking at the ncRNAs identified as significantly abundant or in low abundance
compared to the LB condition, all are found to be present in only one stress condition, except for ffs (Figure

4.20, D-E).

c
M70S
(14)

L

Figure 4.20. The majority of ncRNAs are shared between stress conditions but significantly enriched
ncRNAs are condition specific (145). All ncRNAs identified in the (A) 30S, (B) 50S, and (C) 70S.
Significantly enriched ncRNAs are shown in the (D) 50S and (E) 30S.

For all ncRNAs identified using Rockhopper, the majority are also shared between all conditions
tested (Figure 4.21, A-C). No ncRNA unique to T30S1 and M70S are identified. For the significantly
enriched or low abundance ncRNAs when compared to the LB condition identified, most are also specific
to one stress condition (Figure 4.21, D-F). However, sibA is shared between all conditions in the 30S and

sdhX is shared between all conditions for the 70S.
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Figure 4.21. Most ncRNAs are shared across all conditions while significantly enriched ncRNAs are
condition specific (145). All ncRNAs found in the (A) 30S, (B) 50S, and (C) 70S. Significantly enriched
ncRNAs identified in the (D) 30S, (E) 50S, and (F) 70S.

The ncRNAs identified as significantly enriched or in low abundance when compared to the LB
condition using DESeq2 analysis are listed in Table 4.1. In total, 14 ncRNAs are found to be significantly
enriched or in low abundance across all conditions. All the ncRNAs have been annotated although their

cellular functions are not well characterized.
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Table 4.1. Significant (p > 0.05) ncRNAs identified in all conditions through DESeq2 analysis.

Condition ncRNA Size Known Information Reference
(nt)
Minimal Medium (30S), ffs 114 Signal recognition particle 4.5S RNA, can (220, 221)
Tetracycline (30S1) bind to Elongation Factor G and
ribosomes
Hyperosmotic (30S, glmyY 184 Increases synthesis of GImS, (222)
508) antagonizes gimZ,
Hyperosmaotic (30S) ryeA 272 Also known as sraC, antisense RNA (223)
Hyperosmaotic (30S) sibC 141 Antitoxin with 1bsC (89, 224)
Hyperosmotic (50S) ssrS 183 6S RNA, stationary phase regulation of (225)
transcription of sigma70
Tetracycline (3051, cyaR 87 Promotes degradation of ompX, yqaE, (89, 200,
30S2) nadE, luxS, rpoS 202, 226)
Tetracycline (3051, mgrR 98 May affect lipopolysaccharide (227)
30S2) composition
Tetracycline (3081, oxyS 117 Oxidative stress response, antimutator (228)
30S2) effect
Tetracycline (3081, rttR 171 May be released from tyrT operon during  (143)
3082, 50S) processing
Tetracycline (3081, sraB 169 Usually expressed in late stationary (146)
30S2) phase
Tetracycline (30S2) ryfA 304 Not much known, in Salmonella, encodes (89, 229)
toxic protein TimP
Tetracycline (30S2) ryjA 141 Also known as sral, expressed in (230)
stationary phase
Tetracycline (30S2) sibD 145 Antitoxin RNA (89, 224)
Tetracycline (50S) SsrA 363 Transfer-messenger RNA, releases (231)

stalled ribosomes

Significantly enriched or low abundance ncRNAs identified using Rockhopper are shown in Table

4.2. Using this analysis, 67 ncRNAs are found to be significantly enriched or in low abundance when

compared to the LB condition. The majority of the ncRNAs are annotated. However, eight predicted RNAs

have been discovered in the hyperosmotic and tetracycline conditions.
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Table 4.2. Significant (g > 0.01) ncRNAs identified in all conditions through Rockhopper analysis.

Condition ncRNA Size Known Information Reference
(nt)
Minimal Medium (30S) agrA 82 Encoded in the arsR-gor (232)
intergenic region
Minimal Medium (70S) chiX 84 Negatively regulates DpiA/DpiB  (233)
Minimal Medium (70S), cpxQ 58 Located in the 3° UTR of cpxP (234)
Hyperosmotic (all), mRNA, reduces CpxP protein
Tetracycline (30S2, levels
508)
Minimal Medium (30S) csrC 246 Modulates regulation of carbon (196, 235)
storage regulator CsrA
Minimal Medium (30S), ffs 114 Signal recognition particle 4.5S (220, 221)
Tetracycline (3051, RNA, can bind to Elongation
50S) Factor G and ribosomes
Minimal Medium (70S), gadY 106 Positively regulates gadX and (236, 237)
Hyperosmotic (30S) gadW, increases the
expression of several genes
Minimal Medium (all), gcvB 206 Regulates expression of (146, 201)
Hyperosmotic (all) periplasmic transporter
components DppA and OppA
Minimal Medium (30S) micL 80 Negatively regulates Ipp (238)
Minimal Medium (30S) rdlA 67 Putative antisense regulatory (239)
RNA
Minimal Medium (30S), rdID 64 Acts as a Type | antitoxin (239)
Tetracycline (30S2,
50S8)
Minimal Medium (all), rydB 68 Overexpression decreases (89)
Hyperosmotic (30S) rpoS, highest levels in minimal
medium
Minimal Medium (50S), rydC 65 Activates expression of Cfa (240, 241)
Tetracycline (3081, during acid shock
30S2, 50S)
Minimal Medium (30S, ryeA 272 Also known as sraC, antisense  (223)
708), Tetracycline RNA
(3051, 30S2)
Minimal Medium (30S),  ryfA 304 Not much known, in (89, 229)
Tetracycline (30S2, Salmonella, encodes toxic
50S) protein TimP
Minimal Medium (all) ryhB 95 Reduces iron consumption (5, 242,
under low-iron conditions 243)
Minimal Medium (50S),  ryjA 141 Also known as sral, expressed  (230)
Tetracycline (30S2) in stationary phase
Minimal Medium (70S), ryjB 90 May stabilize rnb mRNA, (244, 245)
Hyperosmotic (50S), expression increases at higher
Tetracycline (70S) concentrations of magnesium
Minimal Medium (70S), sdhX 101 Connects TCA cycle gene to (246, 247)
Hyperosmotic (70S), acetate metabolism, represses
Tetracycline (70S) AckA, FdoG, and KatG
Minimal Medium (30S), sdsR 104 Deletion decreases ampicillin- (248, 249)

Tetracycline (3051,
30S2)
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Minimal Medium (30S),  sibA
Hyperosmotic (30S,

508), Tetracycline

(3081, 30S2)

Minimal Medium (30S) sokC
Minimal Medium (30S) sroC
Minimal Medium (70S),  sroE
Tetracycline (70S)

Minimal Medium (30S), symR
Tetracycline (50S)
Hyperosmotic (70S), J'ETS-leuZ
Tetracycline (30S2,

508, 70S)

Hyperosmaotic (50S) arcZ
Hyperosmotic (30S), fnrS
Tetracycline (30S1)
Hyperosmotic (50S, glmY
708), Tetracycline

(3081, 50S)

Hyperosmaotic (70S) istR
Hyperosmaotic (30S) mgrR
Hyperosmaotic (50S) micA
Hyperosmoaotic (30S) micF
Hyperosmotic (50S), Tetracycline
(3081, 50S)

Hyperosmotic (50S) pspH
Hyperosmotic (50S), rdIB
Tetracycline (3081,

30S2, 50S)

Hyperosmoaotic (30S, rdIC
508), Tetracycline (all)
Hyperosmoaotic (70S), ryfD
Tetracycline (30S1)
Hyperosmotic (30S), rprA
Tetracycline (30S1)
Hyperosmotic (all), rttR
Tetracycline (all)

Hyperosmoaotic (30S, 50S), sibB

Tetracycline (30S1, 30S2)
Hyperosmaotic (50S) SroA

Hyperosmaotic (70S) PR1S70S

144

55

163
92

77

67

122

122

184

140
98
73
93
oxyS
111
66
68
143
107
171

136

93

99

Small RNA in the yegL-yegM
intergenic region, may be in a
toxin-antitoxin system with ibsA

Downregulates expressin of
HokC toxin

Destabilizes GevB

May interact with ligB

In a toxin-antitoxin pair with
symE

Acts as a sponge for
transcriptional noise

Increases translation of sigma
factor 38 (RpoS); inhibits Rho-
dependent transcription
termination

Metabolism regulation during
anaerobiosis, reported
expression only under
anaerobic conditions
Increases synthesis of GImS,
antagonizes gimZ,

Part toxin-antitoxin system with
TisB

May affect lipopolysaccharide
composition

Downregulates OmpA
expression

Negatively regulates OmpF in
high osmolarity

Oxidative stress response,
antimutator effect

Able to base pair with Spot 42
Putative antisense regulatory
RNA

117

Putative antisense regulatory

RNA

With small RNA pair RaiZ,

associates with ProQ

Produce RpoS during osmotic

shock

May be released from tyrT

transcript during processing
Small RNA in the yeglL-yegM
intergenic region, may be in a
toxin-antitoxin system with ibsB
May be generated during
attenuation of thiBPQ

May be in the 5" UTR of cold

shock protein CspG

89

(89, 224)

(250)

(91, 251)
(151, 252)

(253)

©)

(146-150)

(254, 255)

(222)

(256)
(227)
(77, 257)
(258)
(228)
(259)
(239)
(239)
(260, 261)
(152, 153)
(143)

(89, 224)

(151)

(262)



Tetracycline (50S) agrB

Tetracycline (all) csrB
Tetracycline (3081, cyaR
3082, 70S)

Tetracycline (50S, 70S) eyeA
Tetracycline (70S) mcaS
Tetracycline (30S1) omrA
Tetracycline (3051, omrB
30S2)

Tetracycline (50S) rirA
Tetracycline (70S) sdsN

Tetracycline (30S1, 30S2, 50S)

PtsG

Tetracycline (30S2, sibD 145 Antitoxin RNA

708)

Tetracycline (30S1) sokB 56 Putative antisense RNA, may regulate MokB

and HokB

Tetracycline (3081, sokE 59 A part of toxin-antitoxin system

30S2) with HokE

Tetracycline (50S) spf 111 Regulates galK, can block 30S
from binding

Tetracycline (70S) sraB 169 Usually expressed in late
stationary phase

Tetracycline (30S1) sroH 161 Interacts with kbl mMRNA

Tetracycline (50S) ssrA 363 Transfer-messenger RNA,
releases stalled ribosomes

Tetracycline (3051, ssrS 183 6S RNA, stationary phase

50S) regulation of transcription of
sigma70

Tetracycline (30S1) PR1T30S1 100 May be in the 5" UTR of cold
shock protein CspG

Tetracycline (30S2) PR1T30S2 126 May be in the 5° UTR of cold
shock protein CspG

Tetracycline (30S2) PR2T30S2 85 185 nt downstream of cold
shock protein CspB

Tetracycline (30S2) PR3T30S2 85 185 nt downstream of cold
shock protein CspB

Tetracycline (30S2) PR4T30S2 36 Located in 5 UTR of cold shock
protein CspB

Tetracycline (50S) PR1T50S 119 May be in the 5 UTR of cold
shock protein CspG

Tetracycline (50S) PR2T50S 88 Located in 5’ UTR of cold shock

369

87

75

94

88

84

73

82 A part of toxin-antitoxin system
with DinQ

Modulates regulation of carbon storage
regulator CsrA
Promotes degradation of ompX, yqaE, nadE,
luxS, rpoS
Increases at higher concentrations of
magnesium
Regulates expression of curli by inhibiting
translation of csgD mMRNA, part of a
ribonucleoprotein complex with S1
Regulates protein composition of the outer
membrane
Regulation of outer membrane protein
composition
Interacts with the transcription antiterminator
RfaH, overexpression decreases
lipopolysaccharides

137 Negatively regulates NfsA nitric

oxide dioxygenase, and NarP

sgrS 227 Regulates glucose transporter

protein CspB

90

(232)
(196, 235)
(89, 200,
202, 226)
(245)
(263, 264)
(89, 146,
151, 179)
(151)

(265)

(199)
(266)
(89, 224)
(267)
(267)

(5, 268)
(146)

(252)
(231)

(225)

(262)
(262)
(269, 270)
(269, 270)
(269-271)
(262)

(269-271)



4.4 Discussion

rancRNAs have been identified in all domains of life (14, 16-26). However, the cellular and
molecular mechanisms of rancRNAs are still poorly understood, especially in bacteria. To address this
issue, we investigated sRNAs that associate with 70S ribosomes and 50S/30S ribosomal subunits from E.
coliMG1655 cells grown under different stress conditions (minimal medium, hyperosmotic, and tetracycline

stress).

To obtain sRNAs associated with ribosomes and the respective subunits, E. coli MG1655 cells
were grown under one of the selected stress conditions, ribosomes were isolated using sucrose density
gradient ultracentrifugation (Figure 4.3). As expected, three peaks corresponding to the 70S ribosome and
50S/30S ribosomal subunits contained 23S rRNA and 16S rRNA (Figure 4.3). The presence of 23S rRNA
in the 30S fraction and 16S rRNA in the 50S fraction is likely caused by cross contamination between the
70S ribosome or 50S subunit, which has been observed previously (272). An additional peak in the 30S
region is present in the tetracycline condition, but no other condition (Figure 4.3). Previous reports have
observed the presence of such a peak (273-275). However, no detailed characterization of its composition
has been reported so far. It has been speculation that this peak results from ribosome biogenesis being
compromised as RNAse lll is inhibited by tetracycline in vitro (276). Further studies are required to

determine the protein and RNA composition of the 30S region during tetracycline stress.

The analysis reported here reveals that more 50S and 30S ribosomal subunits are present in the
hyperosmotic stress condition samples (Figure 4.3), consistent with reports by Hase et al. (277). Under the
minimal medium stress condition, 70S ribosomes and 50S/30S ribosomal subunits are in much lower
abundance compared to the other conditions (Figure 4.3). During nutrient starvation, E. coli is known to
reduce ribosome biogenesis to maintain translation of stress factors that promote cell survival (278, 279).
Additionally, there is evidence that rRNA is degraded during nutrient starvation (280-282). This would result
in fewer ribosomes and an increase in the free RNA as observed here. Based on the reported behaviours
of ribosome particles under the tested stress conditions, it is likely that the cellular conditions used in this

study are sufficient to induce the desired stress effects.
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Sequencing results reveal that the majority of the reads mapped to the E. coli genome (Tables
S4.1-4.4). This is expected as the E. coli genome is well annotated (283). However, in all samples the
sequencing reads predominantly map to rRNA (95-99%), although many reads still correspond to coding
RNA, tRNA, and ncRNA (Figures 4.4, 4.8, 4.12, 4.13). rRNA typically constitutes over 90% of total RNA,
which means a ribosomal depletion step is required to ensure other areas of the genome can still be
sequenced (284). sSRNAs between 20 and 300 nt were enriched for using a size selection step and rRNA
was depleted during this step as well (Figure S4.1). However, rRNA derived fragments that migrate in the
enriched size range would not have been excluded, resulting in the high abundance of rRNA reads (285).
Interestingly, only specific locations of the respective rRNA operons are represented (Figure S4.2). This
suggests the possibility that these rRNA derived fragments may be specific products that are produced
selectively, as was observed in a sequencing study of Amblyomma testudinarium (286). Rajan and
colleagues also identified sSRNAs located within rRNA operons that bind to the ribosome and mRNA
simultaneously (23). Confirmation of the stability of these products and if they have a function will need to

be studied in the future.

The distribution of transcripts show that coding RNA (95-97%) is predominantly present (Figures
4.5,4.9,4.14, 4.15), which is consistent with previously published results from bacteria (28, 30). mMRNA and
tRNA fragments are known to appear in sequencing data (14, 18, 20, 28). Initial analysis of the generated
sequencing data for tRNA and mRNA fragments has been inconclusive and a more stringent and specific

analysis for identifying fragments based on Raad et al. is being explored (28).

The two data analyses with DESeq2 (Figures 4.12, 4.14, 4.16, 4.17, Tables S4.5-4.7) and
Rockhopper (Figures 4.13, 4.15, 4.18, 4.19, Tables S4.8-4.10) differ in the number of ncRNAs identified.
These differences can be attributed to how the data is processed. In the DESeq2 analysis performed by
Azenta/Genewiz, any ncRNAs with hit counts less than 10 are excluded. Additionally, DESeq2 analysis
relies on the assumption that most genes are not differentially expressed, and data is normalized based on
the library size and variation between biological replicates (214, 287). This method is known to have a lower

number of significantly enriched or low abundance ncRNAs compared to the control condition (214, 288).
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The in-house performed Rockhopper analysis did not have an initial exclusion criterion, allowing all data to
be analyzed. Furthermore, Rockhopper normalizes data using upper quartile normalization based on gene
length and sequencing depth and quantifies results in Reads per Kilobase of Transcript, per Million mapped
reads (RPKM) (216-218). This has been shown to result in a higher number of significantly enriched or low
abundance ncRNAs being identified, but also increases the number of false positives (287). Thus, the
differences in the number of reported ncRNAs is consistent with the described functions of the respective
bioinformatic pipeline. Therefore, the sequencing and bioinformatic analysis pipelines described earlier

perform as expected.

The majority of sSRNAs identified by both sequence analysis pipelines are annotated in the E. coli
MG1655 genome (Tables 4.1, 4.2). However, many of the sRNAs are not well characterized or listed as
putative, where the reported sRNAs have not been validated as bonafide sSRNAs. Looking at overlaps in
the identified ncRNAs between each stress condition, both analyses pipelines reveal that the majority of
the ncRNAs are common amongst all tested stress conditions (Figures 4.20 A-C, 4.21 A-C). More
importantly, both analyses distinguish that ncRNAs found to be significantly enriched or in low abundance
when compared to the LB condition are mostly present in only one stress condition (Figures 4.20 D-E, 4.21
D-F). Interestingly, no ncRNAs are enriched or in low abundance in the 70S ribosomes across all conditions
using DESeq2, but some ncRNAs are identified using Rockhopper. This is most likely due to the difference
in techniques used to normalize the data (214, 216-218). Consequently, it is possible that the Rockhopper
analysis is providing an overestimate of ncRNAs abundant or in low abundance for the 70S ribosomes.
Experimental validation by performing Northern blot analysis for specific ncRNAs with isolated ribosomal

fractions would confirm which ribosome and/or ribosomal subunit a ncRNA is associating with (18).

There are at least 80 reported sRNAs in E. coli (134, 191). From the sRNAs reported in EcoCyc,
71 are present in the generated dataset and 15 are absent (C0293, chiZ, ftsO, ipeX, ispZ, malH, nc1, och5,
orzP, raiZ, rbsZ, ryeG, small RNA, sraA, and timR) (Tables S4.5-4.10). Many of the sRNAs absent have
been shown to be expressed during stationary phase, alternative stress conditions, are recognized as

putative, or have low cellular copy numbers, which were not examined here (155, 245, 289, 290).
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Additionally, some sRNAs are identified to act as sponges such as ispZ and ftsO (291, 292). They may be
absent due to the higher abundance of their targets oxyS and rybB and cpxQ, respectively (291, 292). Most
importantly, no sRNAs that perform critical roles are absent in the dataset, suggesting that the obtained
ribosomal particles and associated RNA had been isolated from E. coli MG1655 cells without any functional
defects. Additionally, the Rockhopper analysis identified that several ncRNAs are absent in the minimal
medium and hyperosmotic stress conditions (Table S4.8, S4.9). This is most likely due to the cell prioritizing

the production of cellular factors that will enable metabolism, which is critical for the cell to survive (293).

Interestingly, functional RNAs (fss — MM30S, T30S1, T50S; ssrS — S50S, T30S1, T50S, and ssrA
—T508S) are significantly enriched or depleted under specific stress conditions (Figures 4.6, 4.10,4.17, 4.7,
4.11, 4.19). While no studies have examined fss (4.5S RNA) specifically under nutrient starvation, it is
known that the depletion of the SRP in E. coli results in a major global response that impacts the ribosome
directly by inactivation (294, 295). Moreover, it is known that the 4.5S RNA can bind to Elongation Factor
G and the 30S subunit (221, 296). An increase in 4.5S RNA with the 30S suggests a protective role under
stress although further evidence is required to confirm the functional role of the 4.5S RNA in this context.
However, the 4.5S RNA is less abundant in the ribosome fraction in the presence of tetracycline. Previously,
it was shown that the 4.5S RNA cross-links to ribosomal protein S7, which is in close proximity to the
tetracycline binding site 6 on the 30S ribosomal subunit (296, 297). This might suggest that tetracycline

binding could prevent 4.5S RNA from accessing this site.

ssrS (6S RNA) is also enriched in the hyperosmotic condition, but depleted in tetracycline stress
(Tables 4.1, 4.2). In the a-proteobacteria Rhodobacter sphaeroides, 6S RNA was found to play a role in
hyperosmotic survival (298). Additionally, although the 6S RNA regulates 07° RNA polymerase, depletion
of it causes a decrease in translational machinery including EF-G and ribosomes (299). No previous
research has shown that the 6S RNA binds to the ribosome or is involved in antibiotic resistance
mechanisms (300). However, depletion of the 6S RNA was shown to impact persistence (301). This could

suggest that 6S RNA may be sensitive to tetracycline.
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ssrA (tmRNA) is also depleted in the 50S ribosomal subunit under tetracycline stress. Deletion of
the ssrA gene has been shown to not have any significant effects on sensitization to tetracycline (302).
However, other reports suggest the MIC is lowered (303, 304). As part of its functional mechanism, tmRNA
binds to both the 30S and 50S and some of the binding sites overlap with reported tetracycline binding sites
(297, 305). Therefore, tetracycline may prevent tmRNA from binding near the A-site; inhibiting stalled
ribosomes from being released. Interestingly, the 50S subunit is where tmRNA is depleted. Although most
tetracycline binding sites have been identified for the 30S, there is suggestive evidence that tetracycline
may also bind to 23S rRNA (275, 297). Taken together for these three functional RNAs (fss, ssrS, and ssrA)
in E. coli, they are functioning as expected based on published data. This suggests that the stress conditions

are indeed working as was noted earlier based on Figure 4.3.

Many sRNAs identified as significantly abundant or in low abundance compared to the LB condition
are known to be members of Type | Toxin-Antitoxin (TA) systems (agrB, gimY, istR, rdIA, rdIB, rdIC, rdID,
ryeA, sibA, sibB, sibC, sibD, sokB, sokC, symR) (Tables 4.1, 4.2). TA systems are known to be activated
under stress conditions (306). Furthermore, TA systems have been implicated in antibiotic persistence,
which results in bacteria surviving exposure to antibiotics (306, 307). Interestingly, all have the same mode
of action by inhibiting protein synthesis via base pairing to the mRNA toxin partner (308). However, it has
been reported that simple base pairing is not sufficient to prevent translation of the toxin. Hok/Sok and
Ldr/RdI partners were found that within the 5° UTRs of the mRNA toxins were the bindings sites for the
sRNA antitoxins (309, 310). Intriguingly, the only identified rancRNA in bacteria is also involved in a TA
system (26). SprF1 RNA was found to be bi-functional with its 5’-end impairing global translation and the
3’-end binding to the SprG1 toxin (26). rancRNAs in T. brucei and H. volcanii were found to interact with
the ribosome and mRNA simultaneously (17, 23). This suggests further investigation into how the ribosome
may be involved when antitoxins act as antitoxins or if antitoxins have an additional cellular role in addition

to their involvement in a toxin-antitoxin pair.

The main reason for including the additional Rockhopper analysis was to identify non-annotated

ncRNAs that associated with the ribosome and/or ribosomal subunits. This analysis has been successful
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in identifying eight transcripts in non-annotated regions of the E. coli MG1655 genome from the
hyperosmotic and tetracycline conditions (Table 4.2). PR1S70S, PR1T30S1, PR1T30S2, and PR1T50S
are likely to be located in the 5° UTR of cold shock protein CspG (262). This suggests that these predicted
RNAs may be the same RNA although PR1S70S and PR1T30S1 are approximately 20 nucleotides shorter
than PR1T30S2 and PR1T50S. PR4T30S2 and PR250S are located in the 5° UTR of cold shock protein
CspB, but these predicted RNAs also differ in size (269-271). Interestingly, PR2T30S2 and PR3T30S3 are
located 185 nt downstream of cold shock protein CspB (269, 270). There has been no evidence to suggest
a definitive 3° UTR for CspB. However, it is interesting that all predicted ncRNAs are within or in close
proximity to cold shock proteins. Cold shock proteins are known to aid in the translation of mMRNAs as
chaperones during cold stress (311, 312). Additionally, RbfA, a 30S ribosomal binding factor, has previously
been shown to be involved in the E. coli cold shock response (313). There has been little information on
the role ncRNAs may play during cold shock with respect to translation (314). Further sequence analysis
in this area of the genome for transcription termination sites or other RNA motifs can help in discerning if

these sets of predicted RNAs for CspG and CspB are located on one RNA transcripts orina 3’ UTR.

Altogether, the reported data shows that the experimental approach for isolating ribosomes from
cells under defined stress conditions works and that the two-pronged approach for bioinformatic analysis is
able to identify annotated and non-annotated transcripts. Many known E. coli sSRNAs that associate with
the 70S ribosome and 50S and 30S subunits have been identified and are enriched or depleted under
minimal medium, hyperosmotic, and tetracycline stress. Additionally, known functional RNAs are
specifically impacted during stress conditions as expected. This indicates that they may have roles more
directly related to the ribosome. TA systems are also in high abundance as was shown in a previous
rancRNA study (26). This suggests there may be a conserved mechanism in bacteria to aid in antibiotic
persistence. Lastly, eight non-annotated transcripts with limited experimental data published on the
genomic regions these transcripts have been identified in. These non-annotated transcripts and antitoxin
RNAs will be further analyzed in silico to determine their viability as a rancRNA candidate that will move

forward for experimental validation.
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4.5 Supplementary Information
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Figure S4.1. RNA fractions extracted from E. coli MG1655 cells grown in LB medium. Fractions were
analyzed on a 10% Urea PAGE gel and stained with Sybr Gold. Lanes L-R: 30S fractions, 50S fractions,
70S fractions, and RiboRuler Low Range RNA Ladder (Thermo Scientific).
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S‘Bositions. Data was analyzed using SegMonk

(https://www.bioinformatics.babraham.ac.uk/index.html, version 1.46). Probes were generated for rRNA
operons and quantified using the enrichment tool. Shown are the results for all seven rRNA operons (the
letter on top of each graph is representative of each operon) for LB and tetracycline 30S region peaks.
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Table S4.1. Sequencing statistics for 70S, 50S, and 30S ribosomes and subunits from LB condition.
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Table S4.2. Sequencing statistics for 70S, 50S, and 30S ribosomes and subunits from hyperosmotic

condition.
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Table S4.3. Sequencing statistics for 70S, 50S, and 30S ribosomes and subunits from minimal medium

condition.
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Table S4.4. Sequencing statistics for 70S, 50S, and 30S ribosomes and subunits from tetracycline

condition.
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Table S4.5. List of ncRNAs identified in the minimal medium condition through DESeq2 analysis.
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ryfD 82 245 1.57909111 0.385414
spf 4.2 10 1.251535921 0.666073
sroH 5.8 5 -0.214111483 0.947806
ssrA 220954 81050 1.875083109 0.292887
ssrS 101.8 380 1.900266574 0.298625
tff 25.8 30 0.217599811 0.916447
Norm. Mean Hit Norm. Mean Hit
Counts (LB50S) Counts (M50S)
csrB 8.007572174 149.3586288 4.221247514 0.15791
ffs 13.0558242 361.9074467 4.792828472 0.112908
fnrS 244.5791066 109.1466903 -1.163994328 0.672413
gcvB 348.5034672 149.3586288 -1.222351637 0.656457
glmY 11.8372806 97.65756499 3.04438336 0.293434
glmZ 19.84485278 5.744562647 -1.78845981 0.576842
oxyS 3.829708431 0 -1.857691033 0.64343
rnpB 49.96028726 281.4835697 2.49419955 0.3774
rybA 5.918640302 17.23368794 1.541890686 0.602179
ryfD 82.68688658 183.8260047 1.15262553 0.6745
spf 9.748348734 5.744562647 -0.762939327 0.812248
sraG 4177863743 0 -1.983219912 0.618309
ssrA 3548.398939 24092.69574 2.763380862 0.329498
ssrS 52.39737444 1418.906974 4.759124423 0.113865
tff 37.42669603 57.44562647 0.61814412 0.82323
Norm. Mean Hit Norm. Mean Hit
Counts (LB30S) Counts (M30S)
arcZ 5.126524164 16.97056275 1.726976953 0.511671
csrB 24.74873734 141.4213562 2.514571979 0.269097
csrC 7.424621202 11.3137085 0.607687283 0.822364
ffs 28.10749455 967.3220767 5.104952951 0.03963
fnrS 524.6732316 231.9310242 -1.177697951 0.578915
gcvB 345.775216 135.764502 -1.348702828 0.530145
glmY 10.07627163 84.85281374 3.073992454 0.196012
gimZ 19.97576657 22.627417 0.179831163 0.93975
mgrR 3.712310601 16.97056275 2.192635429 0.41444
oxyS 3.535533906 11.3137085 1.678064751 0.554856
rnpB 205.0609665 571.3422792 1.478313075 0.48846
rttR 4772970773 16.97056275 1.83006936 0.488776
rybA 3.535533906 16.97056275 2.263023939 0.401108
ryeA 11.3137085 5.656854249 -0.999979635 0.734634
ryfD 218.8495488 367.6955262 0.748585914 0.72128
sibA 7.954951288 0 -2.934489286 0.443638
spf 36.76955262 243.2447327 2.72582429 0.22954
sraB 4.949747468 11.3137085 1.192643635 0.667818
sraG 5.303300859 5.656854249 0.093117815 0.97622
sroH 8.308504679 11.3137085 0.44541744 0.86838
ssrA 2181.247643 28295.58496 3.697361502 0.112286
ssrS 614.4757929 14125.16506 4.522768371 0.06082
tff 42.07285348 45.254834 0.105194369 0.962258
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Table S4.6. List of ncRNAs identified in the hyperosmotic condition through DESeq2 analysis.

ncRNA Norm. Mean Hit Norm. Mean Hit | Log2FoldChange Pvalue
Counts (LB70S) Counts (S70S)
csrB 13.11372838 12.50597811 -0.068449396 0.977654
ffs 30.38546819 46.89741791 0.626133787 0.750206
fnrS 242.4440514 171.957199 -0.495588975 0.775884
gcvB 658.8848891 112.553803 -2.54938605 0.177554
glmY 45.41827876 143.8187483 1.662910557 0.374481
glmZ 31.34500929 100.0478249 1.674385022 0.383317
rnpB 129.8578956 150.0717373 0.208728637 0.905487
rybA 17.59158684 300.1434746 4.092685945 0.050424
ryfD 131.1372838 1219.332866 3.216943333 0.0979
spf 6.716787704 21.88546169 1.704127289 0.47897
sraG 5.117552537 37.51793433 2.874045236 0.216477
sroH 9.275563973 0 -4.011497722 0.323888
ssrA 35335.74072 116649.5108 1.722998394 0.329336
ssrS 162.8021401 337.661409 1.052465659 0.548757
tff 41.26026733 50.02391244 0.277873295 0.88496
Norm. Mean Hit Norm. Mean Hit
Counts (LB50S) Counts (S50S)
csrB 12.44304096 48.05899153 1.949466468 0.358117
ffs 20.28756678 188.5391206 3.21619203 0.10434
fnrS 380.053751 85.02744655 -2.160182141 0.233577
gcvB 541.5427826 66.54321904 -3.024684894 0.111853
glmY 18.39406055 1182.990561 6.007036136 0.006003
glmZ 30.83710151 88.72429205 1.52466523 0.421193
oxyS 5.951019589 3.696845502 -0.686818537 0.850074
rnpB 77.63375554 410.3498507 2.402100848 0.18677
rybA 9.197030274 77.63375554 3.077437369 0.147074
ryfD 128.4879229 262.4760307 1.030560033 0.545929
spf 15.14804986 29.57476402 0.965238914 0.659267
sraG 6.49202137 33.27160952 2.357546288 0.313297
ssrA 5513.89015 26824.31096 2.282410763 0.192901
ssrS 81.42076801 1800.36376 4.466742545 0.026668
tff 58.15769144 29.57476402 -0.975588903 0.620624
Norm. Mean Hit Norm. Mean Hit
Counts (LB30S) Counts (S30S)
arcZ 9.170605214 6.32455532 -0.536035706 0.856414
csrB 44.27188724 98.03060747 1.146845755 0.49626
csrC 13.28156617 25.29822128 0.929614658 0.667335
ffs 50.2802148 94.86832981 0.915940884 0.582705
fnrS 938.5640095 369.9864862 -1.342968353 0.373373
gcvB 618.5415103 202.3857703 -1.611747641 0.299273
glmyY 18.02498266 736.8106948 5.353211418 0.006979
glmZ 35.73373756 281.4427118 2.977481316 0.090938
mgrR 6.640783086 15.8113883 1.251539073 0.624885
oxyS 6.32455532 6.32455532 1.20E-05 0.999997
rnpB 366.8242086 2390.681911 2.704265633 0.100157
rttR 8.538149682 60.08327554 2.814962743 0.168938
rybA 6.32455532 98.03060747 3.95418526 0.054423
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ryeA 20.23857703 303.5786554 3.906884535 0.036818
ryfA 4.427188724 25.29822128 2.514564449 0.302145
ryfD 391.4899743 566.0477012 0.531956259 0.715316
sibA 14.23024947 9.486832981 -0.5849475 0.818456
sibC 5.375872022 94.86832981 4.141343109 0.047472
spf 65.77537533 173.9252713 1.402852246 0.386321
sraB 8.854377448 25.29822128 1.514573179 0.503789
sraG 9.486832981 31.6227766 1.736964829 0.423771
sroH 14.862705 28.46049894 0.937268321 0.654944
ssrA 3901.934405 38402.69991 3.298954081 0.053274
ssrS 1099.207715 8493.877795 2.949965154 0.076742

tff 75.26220831 151.7893277 1.012078088 0.526092

Table S4.7. List of ncRNAs identified in the tetracycline condition through DESeq2 analysis.

ncRNA Norm. Mean Hit Norm. Mean Hit | Log2FoldChange Pvalue

Counts (LB70S) Counts (T70S)
arcZ 13.67198146 5.266244709 -1.376366795 0.427678
csrB 31.14173554 28.9643459 -0.10456782 0.928925
csrC 12.15287241 13.16561177 0.115480637 0.936658
ffs 72.1576799 26.33122354 -1.454371399 0.249569
fnrS 575.7423302 258.0459907 -1.157781021 0.459776
gcvB 1564.682322 653.0143439 -1.260666119 0.434497
glmY 107.8567426 17.1152953 -2.655746334 0.064368
glmZ 74.43634348 42.12995767 -0.821155144 0.495864
oxyS 9.114654304 26.33122354 1.530514948 0.270499
rnpB 308.3791373 293.5931425 -0.070878284 0.960535
rttR 6.835990728 40.81339649 2.577818155 0.074962
rybA 41.77549889 21.06497884 -0.987805373 0.41763
ryfD 311.4173554 65.82805886 -2.242060794 0.132015
spf 15.95064503 47.39620238 1.571157467 0.214659
sraB 6.076436203 27.64778472 2.185864775 0.142772
sraG 12.15287241 46.0796412 1.922832055 0.145021
sroH 22.02708123 6.582805886 -1.742495125 0.257575
ssrA 83913.30529 11244.74901 -2.899597073 0.176786
ssrS 386.6132534 143.5051683 -1.429775964 0.333126
tff 97.98253377 146.1382907 0.576741944 0.64269

Norm. Mean Hit Norm. Mean Hit

Counts (LB50S) Counts (T50S)
arcZ 18.6185724 51.66883795 1.472554162 0.394298
csrB 65.88110233 9.775185558 -2.752649315 0.136133
csrC 25.77956178 30.72201175 0.253051071 0.88086
cyaR 0 32.11846683 6.929429663 0.306032
ffs 107.4148408 34.21314945 -1.650556977 0.315516
fnrS 2012.238017 4532.893189 1.171641093 0.438802
gcvB 2867.260149 2875.301009 0.00405243 0.997786
glmY 97.38945561 50.27238287 -0.953988859 0.546271
glmZ 163.2705579 153.6100588 -0.087983454 0.953261
mgrR 24.3473639 85.8819874 1.81859164 0.284721
oxyS 31.50835329 210.1664895 2.737725852 0.116561
rdIC 1.432197877 32.11846683 4.487073554 0.077219
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rnpB 411.0407906 761.0680184 0.888751634 0.553922
rttR 12.88978089 497.1380084 5.26933294 0.009765
rybA 48.69472781 52.36706549 0.104901093 0.947381
ryeA 22.91516603 21.64505374 -0.082258132 0.962276
ryfA 17.18637452 30.72201175 0.838011446 0.632908
ryfD 680.2939914 965.6486876 0.505349245 0.732222
ryjA 0 19.55037112 6.21351308 0.048672
sdsN 5.728791507 15.36100588 1.422969748 0.49847
sibA 14.32197877 14.66277834 0.033934489 0.985546
sibB 7.160989383 11.86986818 0.729076501 0.726823
sibD 17.18637452 67.02984382 1.963538915 0.262987
sibE 10.02538514 13.26632326 0.40411613 0.837615
spf 80.20308109 882.5596104 3.459963323 0.052776
sraB 8.59318726 115.2075441 3.744890197 0.055166
sraG 34.37274904 129.8703224 1.917736606 0.251085
sroC 17.18637452 23.04150881 0.422975326 0.811949
sroE 8.59318726 10.4734131 0.28547213 0.889862
sroH 22.91516603 31.42023929 0.455396856 0.78926
ssrA 29193.92152 2495.465227 -3.548252614 0.046087
ssrS 431.0915609 577.4341754 0.421670845 0.775571
tff 307.9225435 456.6408111 0.568500245 0.702703
Norm. Mean Hit Norm. Mean Hit
Counts (LB30S) Counts (T30S1)

arcZ 33.17686642 53.32028581 0.684509079 0.521512
csrB 160.1641827 36.71232794 -2.125206664 0.079771
csrC 48.04925482 109.2628808 1.185219427 0.279532
cyaR 2.288059753 62.06131627 4.761484722 0.008282
ffs 181.9007504 28.84540052 -2.656727812 0.039465
fnrS 3395.480674 2663.391981 -0.350339214 0.799592
gcvB 2237.722439 6976.216411 1.640418468 0.136732
glmY 65.20970297 118.8780143 0.866325855 0.414644
glmZ 129.2753761 412.5766378 1.674217444 0.172936
mgrR 24.02462741 171.324197 2.834142224 0.031779
oxyS 22.88059753 378.486619 4.048041749 0.007749
rnpB 1327.074657 2776.151274 1.064846415 0.488927
rttR 30.88880667 202.7919067 2.714843794 0.037602
rybA 22.88059753 69.05414064 1.593604262 0.168771
ryeA 73.21791211 53.32028581 -0.457508317 0.658479
ryfA 16.01641827 67.30593455 2.071182296 0.093509
ryfD 1416.308987 463.2746144 -1.612182549 0.259082
ryjA 1.144029877 20.97847311 4.196694985 0.046698
sdsN 13.72835852 27.09719443 0.980985986 0.434833
sibA 51.48134445 13.11154569 -1.973204611 0.116467
sibB 14.8723884 13.11154569 -0.181794939 0.888802
sibC 19.4485079 7.866927415 -1.305781012 0.342225
sibD 13.72835852 44.57925535 1.699213932 0.174819
sibE 12.58432864 14.85975178 0.239784606 0.854658
spf 237.9582143 584.7749378 1.2971774 0.299825
sraB 32.03283655 210.6588341 2.71728475 0.037657
sraG 34.3208963 146.8493117 2.097178181 0.08368
sroC 22.88059753 12.23744265 -0.902817583 0.479287
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sroE 4.576119507 15.73385483 1.781674322 0.247802
sroH 53.7694042 46.32746144 -0.214914555 0.834929
ssrA 14116.18465 4472.785287 -1.658085643 0.26795
ssrS 3976.647851 824.2791725 -2.270325697 0.16616
tff 272.2791106 1373.215885 2.334404033 0.11538
Norm. Mean Hit Norm. Mean Hit
Counts (LB30S) Counts (T30S2)
agrA 1.508738872 22.53537747 3.900761996 0.057372
arcZ 43.7534273 133.8866544 1.613545757 0.144912
csrB 211.2234421 57.00124891 -1.889697101 0.097048
csrC 63.36703264 190.8879033 1.590923156 0.149937
cyaR 3.017477745 41.75672885 3.790585412 0.029265
ffs 239.8894807 72.24576896 -1.731377744 0.123204
fnrS 4477.936973 4984.295253 0.154565971 0.908374
gcvB 2951.093234 5249.417341 0.830917405 0.551473
glmY 85.99811573 432.8118086 2.331364406 0.063556
glmZ 170.4874926 546.8143064 1.681388138 0.16667
mgrR 31.68351632 192.2135138 2.600905467 0.037248
oxyS 30.17477745 255.8428149 3.083841829 0.01969
rdlA 1.508738872 20.54696181 3.767495991 0.066733
rdIB 1.508738872 15.24452006 3.336863241 0.107196
rdIC 6.03495549 38.44270275 2.6712923 0.072886
rdID 1.508738872 22.53537747 3.900761996 0.057372
rirA 6.03495549 11.26768874 0.900777989 0.551158
rnpB 1750.137092 9646.46717 2.462539437 0.10335
rttR 40.73594955 1584.104475 5.281212748 0.003631
rybA 30.17477745 73.5713794 1.285803161 0.246285
ryeA 96.55928783 133.2238492 0.46436827 0.638496
ryfA 21.12234421 121.9561604 2.529520561 0.042865
ryfD 1867.818724 959.7419583 -0.960623629 0.489297
ryjA 1.508738872 43.08233929 4.835662676 0.019595
sdsN 18.10486647 39.10550797 1.110995993 0.356015
sibA 67.89324926 57.00124891 -0.252271282 0.7996
sibB 19.61360534 25.84940357 0.398278931 0.737127
sibC 25.64856083 37.77989753 0.558743422 0.623529
sibD 18.10486647 188.2366824 3.378096292 0.013553
sibE 16.5961276 32.47745577 0.968593825 0.425597
sokB 1.508738872 13.2561044 3.135230106 0.132253
spf 313.8176855 1898.27415 2.596693467 0.089722
sraB 42.24468843 351.2867665 3.055806924 0.022001
sraG 45.26216617 228.6678008 2.336876475 0.053661
SroA 6.03495549 15.24452006 1.336876151 0.367041
sroC 30.17477745 105.38603 1.804269679 0.114902
sroE 6.03495549 13.2561044 1.135242722 0.447289
sroH 70.910727 224.6909695 1.66386823 0.136674
ssrA 18616.32895 8076.944409 -1.204675467 0.308831
ssrS 5244.37632 21305.21099 2.022370069 0.115069
tff 359.0798516 1165.211576 1.698220052 0.210839
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Table S4.8. List of ncRNAs identified in the minimal medium condition through Rockhopper analysis.

ncRNA Transcript Transcript Log2FoldChange q value
Abundance Abundance
(LB70S) (M70S)
3'ETS-leuZ 7 0 1
arcZ 100 28 -1.84 0.493873612
arrS 10 0 1
chiX 16 110 2.78 0.000146391
cpxQ 15 102 2.77 2.50E-05
csrB 631 518 -0.28 1
csrC 95 116 0.29 1
cyaR 16 0 1
dsrA 1 0 1
esrE 129 134 0.05 1
eyeA 6 0 1
ffs 518 2088 2.01 0.036319273
fnrS 7657 5645 -0.44 1
gadY 3 40 3.74 7.55E-33
gcvB 10582 820 -3.69 7.90E-16
glmY 447 509 0.19 1
gimZ 470 678 0.53 1
mcaS 10 24 1.26 1
mgrR 203 139 -0.55 1
micA 17 0 1
micC 3 0 1
micL 46 0 0
omrA 42 0 0
omrB 15 0 1
oxyS 111 0 0
pspH 1 0 1
ralA 0 13 1
rdIB 0 15 1
rdIC 8 29 1.86 0.128640188
rdID 0 9 1
rirA 22 0 0
rnpB 2730 2775 0.02 1
rttR 68 116 0.77 1
rybA 362 1710 2.24 0.018460524
rybB 2 0 1
rydB 24 139 2.53 0.003915612
rydC 24 0 0
ryeA 110 15 -2.87 0.002276971
ryfA 42 121 1.53 0.394902437
ryfD 4753 13403 1.50 1
ryhB 15 999 6.06 0
ryjA 0 28 0
ryjB 2 26 3.70 6.58E-20
sdhX 3 43 3.84 9.00E-27
sdsN 4 6 0.58 1
sdsR 193 0 1
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sgrS 20 45 1.17 1
sibA 89 0 0
sibB 17 0 1
sibD 46 165 1.84 0.186834716
sibE 46 210 2.19 0.031582662
sokB 34 25 -0.44 1
sokC 54 160 1.57 0.53722664
spf 162 375 1.21 0.963334284
sraB 94 76 -0.31 1
sraG 403 78 -2.37 0.093931613
SroA 10 5 -1.00 1
sroC 41 168 2.03 0.082127129
sroE 46 2 -4.52 4.63E-77
sroH 49 80 0.71 1
ssrA 409112 466134 0.19 1
ssrS 4199 9285 1.14 1
tff 1911 430 -2.15 0.133725532
Transcript Transcript
Abundance Abundance
(LB50S) (M50S)
3'ETS-leuZ 28 34 0.28 1
agrA 48 13 -1.88 0.242091991
agrB 3 0 1
arcZ 235 74 -1.67 1
arrS 0 17 0
chiX 9 0 1
cpxQ 46 21 -1.13 1
csrB 1352 1528 0.18 1
csrC 345 124 -1.48 1
cyaR 84 0 0
dsrA 1 0 1
esrE 141 67 -1.07 1
eyeA 6 0 1
ffs 1302 4538 1.80 0.080236723
fnrS 23285 7082 -1.72 1
gadF 10 0 1
gadY 41 141 1.78 0.31107105
gcvB 35105 1305 -4.75 1.66E-47
glmY 790 1743 1.14 0.658431525
gimZ 1554 539 -1.53 1
isrC 18 0 1
istR 4 0 1
istR 4 0 1
mcaS 62 0 0
mgrR 260 211 -0.30 1
micA 69 59 -0.23 1
micF 10 0 1
micL 67 0 0
ohsC 2 0 1
omrA 42 0 0
omrB 53 0 0
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oxyS 168 135 -0.32 1
pspH 3 10 1.74 1
rdlA 34 0 0
rdIB 4 0 1
rdIC 5 0 1
rdID 7 0 1
rirA 9 0 1
rnpB 7291 3374 -1.11 1
rttR 52 135 1.38 0.544594589
rybA 368 591 0.68 1
rybB 16 45 1.49 1
rydB 6 141 4.55 1.75E-110
rydC 6 136 4.50 6.64E-99
ryeA 217 39 -2.48 0.082447967
ryfA 47 97 1.05 1
ryfD 4556 6546 0.52 1
ryhB 32 979 4.94 9.22E-136
ryjA 6 86 3.84 3.16E-19
ryjB 54 11 -2.30 0.0295834
sdhX 47 0 0
sdsN 40 15 -1.42 1
sdsR 462 93 -2.31 0.178742306
sgrS 105 0 0
sibA 202 147 -0.46 1
sibB 106 0 0
sibC 51 0 0
sibD 187 110 -0.77 1
sibE 127 317 1.32 0.479152459
sokB 96 0 0
sokC 40 113 1.50 1
sokX 7 0 1
spf 715 479 -0.58 1
sraB 195 69 -1.50 1
sraG 239 124 -0.95 1
sroA 17 19 0.16 1
sroC 33 84 1.35 1
sroE 125 113 -0.15 1
sroH 140 98 -0.51 1
ssrA 138117 232637 0.75 0.382203869
ssrS 25538 32522 0.35 1
symR 3 0 1
tff 2101 1053 -1.00 1
Transcript Transcript
Abundance Abundance
(LB30S) (M30S)
3'ETS-leuZ 75 25 -1.58 1
agrA 29 2 -3.86 3.31E-21
agrB 8 2 -2.00 1
arcZ 454 205 -1.15 0.875682113
arrS 13 0 1
chiX 70 0 0
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cpxQ 33 17 -0.96 1

csrB 6705 2188 -1.62 1

csrC 836 111 -2.91 0.004632215
cyaR 25 8 -1.64 0.37872031
dicF 6 0 1

dsrA 3 0 1

esrE 327 101 -1.69 0.926520054
eyeA 23 0 0

ffs 961 8901 3.21 2.62E-29
fnrS 45413 13853 -1.71 0.735647307
gadF 7 12 0.78 1
gadY 42 39 -0.11 0.944177154
gcvB 27296 2513 -3.44 0.007388945
glmY 1814 2183 0.27 1

glmZ 1528 383 -2.00 0.614509708
isrC 1 11 3.46 1
mcaS 39 67 0.78 1
mgrR 1078 173 -2.64 0.033606858
micA 76 45 -0.76 0.878997068
micF 3 0 1

micL 66 4 -4.04 6.66E-41
omrA 92 0 0
omrB 191 0 1

oxyS 296 214 -0.47 1

pspH 16 0 1

rdlA 61 6 -3.35 2.76E-12
rdIB 9 6 -0.58 1

rdIC 10 7 -0.51 1

rdID 49 5 -3.29 2.53E-11

rirA 54 0 0

rnpB 29119 7099 -2.04 1

rsexX 21 0 1

rttR 124 252 1.02 0.369481831
rybA 319 352 0.14 1

rybB 32 49 0.61 1

rydB 6 129 4.43 2.05E-71
rydC 12 19 0.66 1

ryeA 3284 253 -3.70 6.30E-09
ryfA 250 25 -3.32 1.77E-05
ryfD 8359 11767 0.49 1

ryhB 26 1780 6.10 0

ryjA 21 4 -2.39 1

ryjB 39 49 0.33 1

sdhX 20 41 1.04 1

sdsN 180 120 -0.58 1

sdsR 6022 728 -3.05 0.003696796
sgrS 126 40 -1.66 0.875682113
sibA 862 25 -5.11 8.05E-87
sibB 352 166 -1.08 0.875682113
sibC 398 142 -1.49 1

sibD 203 316 0.64 0.615888541
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sibE 123 98 -0.33 0.999762311
sokB 354 0 1
sokC 142 15 -3.24 1.37E-08
sokE 5 0 1
sokX 12 0 1
spf 1745 3316 0.93 0.461362297
sraB 500 195 -1.36 1
sraG 304 121 -1.33 0.875682113
SroA 49 0 0
sroC 127 5 -4.67 4.96E-91
sroE 72 171 1.25 0.500765356
sroH 457 362 -0.34 1
ssrA 81412 156300 0.94 1
ssrS 130260 358175 1.46 1
symR 33 3 -3.46 2.16E-12
tff 3971 1922 -1.05 0.875682113

Table S4.9. List of ncRNAs identified in the hyperosmotic condition through Rockhopper analysis.

ncRNA Transcript Transcript Log2FoldChange q value
Abundance Abundance
(LB70S) (S708)
PR1S70S 9498 309584 5.03 9.14E-110
PR2S70S 121516 329265 1.44 1
3'ETS-leuZ 7 158 4.50 1.26E-98
arcZ 100 79 -0.34 1
arrS 10 0 1
chiX 16 0 1
cpxQ 15 113 2.91 1.20E-06
csrB 631 402 -0.65 1
csrC 95 156 0.72 1
cyaR 16 62 1.95 0.141447812
dsrA 1 0 1
esrE 129 176 0.45 1
eyeA 6 0 1
ffs 518 644 0.31 1
fnrS 7657 3035 -1.34 1
gadY 3 0 1
gcvB 10582 1709 -2.63 0.001196766
glmY 447 3254 2.86 3.44E-07
glmZ 470 1462 1.64 0.249373798
isrC 3 0 1
istR 9 35 1.96 0.174252815
istR 4 40 3.32 3.17E-11
mcaS 10 0 1
mgrR 203 360 0.83 1
micA 17 77 2.18 0.067221134
micC 3 6 1.00 1
micL 46 0 0
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omrA 42 22 -0.93 1
omrB 15 0 1
oxyS 111 124 0.16 1
pspH 1 0 1
rdIC 8 0 1
rdID 0 131 1
rirA 22 0 0
rnpB 2730 2014 -0.44 1
rprA 1 0 1
rttR 68 362 2.41 0.001897204
rybA 362 1013 1.48 0.464370208
rybB 2 0 1
rydB 24 0 0
rydC 24 0 0
ryeA 110 43 -1.36 1
ryfA 42 33 -0.35 1
ryfD 4753 33013 2.80 0.00163752
ryhB 15 0 1
ryjB 2 0 1
sdhX 3 27 3.17 3.65E-09
sdsN 4 0 1
sdsR 193 108 -0.84 1
sgrS 20 16 -0.32 1
sibA 89 61 -0.54 1
sibB 17 0 1
sibC 0 6 1
sibD 46 176 1.94 0.129065682
sibE 46 0 0
sokB 34 0 0
sokC 54 0 0
spf 162 267 0.72 1
sraB 94 77 -0.29 1
sraG 403 354 -0.19 1
SroA 10 0 1
sroC 41 44 0.10 1
sroE 46 17 -1.44 1
sroH 49 20 -1.29 1
ssrA 409112 605252 0.57 1
ssrS 4199 3958 -0.09 1
tff 1911 1733 -0.14 1
Transcript Transcript
Abundance Abundance
(LB50S) (S508)
3'ETS-leuZ 28 60 1.10 1
agrA 48 0 0
agrB 3 0 1
arcZ 235 15 -3.97 2.70E-25
chiX 9 0 1
cpxQ 46 304 2.72 0.00053886
csrB 1352 2082 0.62 1
csrC 345 132 -1.39 1
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cyaR 84 0 0
dsrA 1 4 2.00 1
esrE 141 133 -0.08 1
eyeA 6 0 1
ffs 1302 1348 0.05 1
fnrS 23285 5109 -2.19 0.075429434
gadF 10 0 1
gadY 41 0 0
gcvB 35105 3269 -3.42 3.49E-12
glmY 790 9706 3.62 8.74E-30
glmZ 1554 2924 0.91 1
isrC 18 0 1
istR 4 0 1
istR 4 0 1
mcaS 62 0 0
mgrR 260 79 -1.72 1
micA 69 4 -4.11 4.81E-36
micF 10 0 1
micL 67 0 0
omrA 42 61 0.54 1
omrB 53 53 0.00 1
oxyS 168 12 -3.81 1.56E-19
pspH 3 17 2.50 0.000237216
rdlA 34 0 0
rdIB 4 46 3.52 6.22E-16
rdIC 5 88 4.14 1.24E-41
rdID 7 16 1.19 1
rirA 9 30 1.74 0.427331071
rnpB 7291 7008 -0.06 1
rttR 52 656 3.66 4.66E-25
rybA 368 322 -0.19 1
rybB 16 25 0.64 1
rydB 6 16 1.42 0.428269095
rydC 6 0 1
ryeA 217 229 0.08 1
ryfA 47 110 1.23 0.615562682
ryfD 4556 3916 -0.22 1
ryhB 32 52 0.70 1
ryjA 6 0 1
ryjB 54 8 -2.75 0.000228838
sdhX 47 52 0.15 1
sdsN 40 61 0.61 1
sdsR 462 229 -1.01 1
sgrS 105 93 -0.18 1
sibA 202 17 -3.57 1.41E-11
sibB 106 16 -2.73 0.005181689
sibC 51 31 -0.72 1
sibD 187 89 -1.07 1
sibE 127 0 0
sokB 96 47 -1.03 1
sokC 40 42 0.07 1
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sokX 7 0 1
spf 715 446 -0.68 1
sraB 195 211 0.1 1
sraG 239 289 0.27 1
SroA 17 197 3.53 1.17E-11
sroC 33 55 0.74 1
sroE 125 50 -1.32 1
sroH 140 129 -0.12 1
ssrA 138117 161497 0.23 1
ssrS 25538 17487 -0.55 1
symR 3 0 1
tff 2101 1438 -0.55 1
Transcript Transcript
Abundance Abundance
(LB30S) (S30S)
3'ETS-leuZ 75 159 1.08 0.825194599
agrA 29 28 -0.05 1
agrB 8 25 1.64 0.324467258
arcZ 454 91 -2.32 0.074396687
arrS 13 40 1.62 0.343621555
chiX 70 149 1.09 0.659099125
cpxQ 33 230 2.80 1.28E-06
csrB 6705 2936 -1.19 1
csrC 836 194 -2.11 0.155259333
cyaR 25 6 -2.06 0.075929421
dicF 6 14 1.22 1
dsrA 3 0 1
esrE 327 121 -1.43 0.623662182
eyeA 23 14 -0.72 1
ffs 961 1023 0.09 1
fnrS 45413 3819 -3.57 4.63E-07
gadF 7 0 1
gadY 42 6 -2.81 3.26E-06
gcvB 27296 2865 -3.25 0.00041589
glmY 1814 6462 1.83 0.0373216
gimZ 1528 3579 1.23 0.350447753
isrC 1 0 1
mcaS 39 23 -0.76 1
mgrR 1078 134 -3.01 8.88E-05
micA 76 36 -1.08 1
micC 0 11 1
micF 3 22 2.87 3.14E-09
micL 66 31 -1.09 1
ohsC 1 12 3.58 1
omrA 92 85 -0.11 1
omrB 191 87 -1.13 1
oxyS 296 60 -2.30 0.092589326
pspH 16 4 -2.00 1
rdlA 61 33 -0.89 1
rdIB 9 17 0.92 1
rdiC 10 96 3.26 7.20E-11
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rdID 49 45 -0.12 1
rirA 54 71 0.39 1
rnpB 29119 24653 -0.24 1
rprA 61 5 -3.61 8.99E-17
rrrD 10 0 1
rrrQ 13 8 -0.70 1
rsexX 21 0 1
rttR 124 758 2.61 5.03E-10
rybA 319 282 -0.18 1
rybB 32 12 -1.42 0.573770009
rydB 6 147 4.61 9.17E-96
rydC 12 0 1
ryeA 3284 2155 -0.61 0.966307947
ryfA 250 107 -1.22 0.811104241
ryfD 8359 4869 -0.78 1
ryhB 26 67 1.37 0.440939854
ryjA 21 11 -0.93 1
ryjB 39 66 0.76 1
sdhX 20 11 -0.86 1
sdsN 180 113 -0.67 1
sdsR 6022 4434 -0.44 0.993208256
sgrS 126 99 -0.35 1
sibA 862 21 -5.36 4.08E-167
sibB 352 19 -4.21 2.96E-28
sibC 398 909 1.19 0.148980565
sibD 203 39 -2.38 0.082092772
sibE 123 37 -1.73 0.546607106
sokB 354 103 -1.78 0.470066758
sokC 142 80 -0.83 0.927095625
sokE 5 0 1
sokX 12 0 1
spf 1745 1037 -0.75 0.892556129
sraB 500 145 -1.79 0.371786575
sraG 304 409 0.43 0.732214974
sroA 49 13 -1.91 0.197831225
sroC 127 26 -2.29 0.172790755
sroE 72 83 0.21 1
sroH 457 206 -1.15 1
ssrA 81412 181250 1.15 1
ssrS 130260 74769 -0.80 1
symR 33 0 1
tff 3971 2761 -0.52 0.965166135
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Table S4.10. List of ncRNAs identified in the tetracycline condition through Rockhopper analysis.

ncRNA Transcript Transcript Log2FoldChange q value
Abundance Abundance
(LB70S) (T70S)
3'ETS-leuZ 7 154 4.46 9.57E-92
agrA 0 36 1
agrB 0 4 1
arcZ 100 200 1.00 0.607567456
arrS 10 0 1
chiX 16 24 0.58 1
cpxQ 15 0 1
csrB 631 227 -1.47 0.005415804
csrC 95 206 1.12 0.766537973
cyaR 16 130 3.02 2.62E-07
dsrA 1 0 1
esrE 129 240 0.90 1
eyeA 6 31 2.37 0.002020499
ffs 518 238 -1.12 0.11181392
fnrS 7657 6788 -0.17 1
gadY 3 8 1.42 1
gcvB 10582 13399 0.34 0.831281729
glmY 447 349 -0.36 0.434923764
gimZ 470 808 0.78 1
isrC 3 11 1.87 1
istR 4 3 -0.42 1
istR 9 10 0.15 1
mcaS 10 53 2.41 0.006766374
mgrR 203 235 0.21 0.851761725
micA 17 33 0.96 1
micC 3 0 1
micF 0 7 1
micL 46 19 -1.28 0.454418658
ohsC 0 4 1
omrA 42 9 -2.22 0.010530681
omrB 15 5 -1.58 1
oxyS 111 310 1.48 0.233645419
pspH 1 10 3.32 1
ralA 0 4 1
rdlA 0 61 1
rdIB 0 44 1
rdIC 8 125 3.97 2.66E-37
rdID 0 36 1
rirA 22 59 1.42 0.453484604
rnpB 2730 2297 -0.25 0.92608972
rprA 1 21 4.39 1
rttR 68 1104 4.02 1.42E-43
rybA 362 624 0.79 1
rybB 2 11 2.46 1
rydB 24 16 -0.58 1
rydC 24 48 1.00 1
ryeA 110 122 0.15 0.776736044
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ryfA 42 187 2.15 0.012572412
ryfD 4753 3864 -0.30 1
ryhB 15 22 0.55 1
ryjA 0 15 1
ryjB 2 48 4.58 1.80E-83
sdhX 3 27 3.17 5.09E-09
sdsN 4 66 4.04 4.92E-26
sdsR 193 188 -0.04 0.779790448
sgrS 20 27 0.43 0.830128865
sibA 89 74 -0.27 1
sibB 17 36 1.08 1
sibC 0 60 1
sibD 46 266 2.53 0.00074587
sibE 46 76 0.72 1
sokB 34 37 0.12 0.888571938
sokC 54 56 0.05 0.88051718
sokE 0 10 1
sokX 0 30 1
spf 162 601 1.89 0.05225547
sraB 94 451 2.26 0.003996253
sraG 403 705 0.81 1
SsroA 10 5 -1.00 1
sroC 41 19 -1.11 0.492747357
sroE 46 254 2.47 0.006194268
sroH 49 131 1.42 0.311517802
ssrA 409112 111531 -1.88 1
ssrS 4199 3570 -0.23 1
symR 0 22 1
tff 1911 4163 1.12 1
Transcript Transcript
Abundance Abundance
(LB50S) (T50S)
PR1T50S 11245 103513 3.20 8.58E-09
PR2T50S 3320 51437 3.95 1.77E-36
3'ETS-leuZ 28 248 3.15 5.03E-07
agrA 48 52 0.12 0.828281002
agrB 3 25 3.06 3.83E-06
arcZ 235 410 0.80 1
chiX 9 18 1.00 1
cpxQ 46 3 -3.94 9.88E-33
csrB 1352 227 -2.57 1.37E-19
csrC 345 427 0.31 0.948393408
cyaR 84 211 1.33 0.336032396
dsrA 1 0 1
esrkE 141 181 0.36 0.965578075
eyeA 6 39 2.70 8.26E-05
ffs 1302 343 -1.92 7.64E-07
fnrS 23285 24601 0.08 0.808052944
gadF 10 0 1
gadY 41 51 0.31 0.789027687
gcvB 35105 24732 -0.51 0.489198666
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glmY 790 318 -1.31 0.006814023
glmZ 1554 1554 0.00 0.716332457
isrC 18 7 -1.36 1
istR 4 6 0.58 1
istR 4 0 1
mcaS 62 28 -1.15 0.34883989
mgrR 260 524 1.01 0.835856476
micA 69 78 0.18 0.925248696
micF 10 0 1
micL 67 50 -0.42 1
ohsC 2 5 1.32 1
omrA 42 0 1
omrB 53 0 1
oxyS 168 1085 2.69 8.26E-07
pspH 3 0 1
ralA 0 5 1
rdlA 34 82 1.27 0.762106744
rdIB 4 114 4.83 3.16E-126
rdIC 5 287 5.84 0
rdID 7 50 2.84 8.14E-05
rirA 9 87 3.27 5.71E-09
rnpB 7291 5883 -0.31 0.860388391
rprA 0 11 1
rttR 52 3026 5.86 0
rybA 368 366 -0.01 0.508642709
rybB 16 32 1.00 1
rydB 6 21 1.81 1
rydC 6 52 3.12 1.03E-10
ryeA 217 129 -0.75 0.138136461
ryfA 47 299 2.67 3.57E-07
ryfD 4556 5807 0.35 1
ryhB 32 11 -1.54 0.257528161
ryjA 6 119 4.31 3.32E-41
ryjB 54 92 0.77 0.804506525
sdhX 47 15 -1.65 0.1221228
sdsN 40 142 1.83 0.093153599
sdsR 462 348 -0.41 0.307316534
sgrS 105 16 -2.71 3.62E-08
sibA 202 102 -0.99 0.152929744
sibB 106 38 -1.48 0.113500185
sibC 51 116 1.19 0.466210594
sibD 187 527 1.49 0.197141087
sibE 127 75 -0.76 0.341065226
sokB 96 53 -0.86 0.532957479
sokC 40 31 -0.37 1
sokE 0 33 0
sokX 7 24 1.78 0.09573145
spf 715 2923 2.03 0.005340886
sraB 195 735 1.91 0.021852226
sraG 239 560 1.23 0.415529533
sroA 17 32 0.91 1
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sroC 33 102 1.63 0.181028216
sroE 125 173 0.47 1
sroH 140 160 0.19 0.712534113
ssrA 138117 31100 -2.15 7.24E-05
ssrS 25538 6277 -2.02 0.002617346
symR 3 54 4.17 6.35E-34
tff 2101 4405 1.07 0.490317389
Transcript Transcript
Abundance Abundance
(LB30S) (T30S81)
PR1T30S1 5644 90261 4.00 9.70E-41
3'ETS-leuZ 75 248 1.73 0.0644502
agrA 29 72 1.31 0.281230584
agrB 8 30 1.91 0.079815368
arcZ 454 234 -0.96 0.053611494
chiX 70 35 -1.00 0.329482618
cpxQ 33 8 -2.04 0.01886393
csrB 6705 331 -4.34 1.88E-281
csrC 836 463 -0.85 0.105385549
cyaR 25 345 3.79 2.63E-32
dicF 6 0 1
dsrA 3 3 0.00 1
esrkE 327 219 -0.58 0.166651286
eyeA 23 34 0.56 0.902821324
ffs 961 336 -1.52 0.000396232
fnrS 45413 12896 -1.82 0.00558617
gadF 7 0 1
gadY 42 75 0.84 0.166170026
gcvB 27296 29721 0.12 0.875772882
glmY 1814 444 -2.03 4.91E-08
gimZ 1528 1940 0.34 1
isrC 1 12 3.58 1
istR 0 15 1
istR 0 16 1
mcaS 39 70 0.84 0.515131359
mgrR 1078 509 -1.08 0.014954359
micA 76 57 -0.42 0.725118481
micC 0 4 1
micF 3 0 1
micL 66 45 -0.55 0.586799699
ohsC 1 4 2.00 1
omrA 92 15 -2.62 1.18E-05
omrB 191 12 -3.99 1.34E-39
oxyS 296 1051 1.83 0.000764631
pspH 16 33 1.04 0.447125221
ralA 0 6 1
rdlA 61 72 0.24 0.911389416
rdIB 9 100 3.47 4.38E-19
rdIC 10 141 3.82 2.93E-27
rdID 49 140 1.51 0.15155205
rirA 54 79 0.55 0.669591391
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rnpB 29119 10668 -1.45 0.126579806
rprA 61 9 -2.76 1.67E-05
rseX 21 0 1
rttR 124 1605 3.69 1.17E-58
rybA 319 423 0.41 1
rybB 32 24 -0.42 1
rydB 6 13 1.12 1
rydC 12 62 2.37 0.002229521
ryeA 3284 255 -3.69 4.11E-123
ryfA 250 573 1.20 0.115058889
ryfD 8359 1802 -2.21 1.08E-07
ryhB 26 0 0
ryjA 21 67 1.67 0.094538524
ryjB 39 52 0.42 0.750922338
sdhX 20 11 -0.86 1
sdsN 180 198 0.14 1
sdsR 6022 549 -3.46 2.22E-85
sgrS 126 23 -2.45 1.06E-06
sibA 862 68 -3.66 6.16E-67
sibB 352 47 -2.90 2.49E-14
sibC 398 182 -1.13 0.022754779
sibD 203 366 0.85 0.501707516
sibE 123 103 -0.26 0.573518287
sokB 354 68 -2.38 1.80E-05
sokC 142 104 -0.45 0.582038522
sokE 5 34 2.77 2.81E-07
sokX 12 32 1.42 0.252479244
spf 1745 1674 -0.06 0.92087401
sraB 500 975 0.96 0.31523039
sraG 304 518 0.77 0.479632959
SroA 49 41 -0.26 1
sroC 127 64 -0.99 0.126579806
sroE 72 117 0.70 1
sroH 457 162 -1.50 0.001106804
ssrA 81412 23780 -1.78 0.098493294
ssrS 130260 6447 -4.34 2.03E-158
symR 33 53 0.68 0.708945811
tff 3971 7270 0.87 0.542184005
Transcript Transcript
Abundance Abundance
(LB30S) (T30S2)
PR1T30S2 5191 59302 3.51 1.43E-16
PR2T30S2 797 42257 5.73 0
PR3T30S2 543 40761 6.23 0
PR4T30S2 5256 35803 2.77 3.14E-13
3'ETS-leuZ 75 556 2.89 1.11E-08
agrA 29 101 1.80 0.057262649
agrB 8 28 1.81 0.098822296
arcZ 454 626 0.46 1
arrS 13 20 0.62 1
chiX 70 30 -1.22 0.188321052
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cpxQ 33 5 -2.72 1.98E-07
csrB 6705 540 -3.63 4.96E-91
csrC 836 702 -0.25 0.511937988
cyaR 25 137 2.45 0.000278674
dicF 6 0 1
dsrA 3 8 1.42 1
esrE 327 196 -0.74 0.113977532
eyeA 23 24 0.06 1
ffs 961 456 -1.08 0.024547666
fnrS 45413 18838 -1.27 1
gadF 7 0 1
gadY 42 51 0.28 0.846645747
gcvB 27296 22595 -0.27 0.83360911
glmY 1814 1295 -0.49 0.31467202
glmZ 1528 2689 0.82 0.404673509
isrC 1 8 3.00 1
istR 0 17 1
istR 0 14 1
mcaS 39 82 1.07 0.372222408
mgrR 1078 481 -1.16 0.014103908
micA 76 38 -1.00 0.311917371
micC 0 5 1
micF 3 0 1
micL 66 111 0.75 0.717047259
ohsC 1 1 0.00 1
omrA 92 2 -5.52 0
omrB 191 9 -4.41 2.37E-86
oxyS 296 771 1.38 0.040076748
pspH 16 27 0.75 0.605772866
ralA 0 1 1
rdlA 61 98 0.68 0.721549582
rdIB 9 98 3.44 6.69E-18
rdIC 10 202 4.34 1.76E-62
rdID 49 232 2.24 0.002141486
rirA 54 47 -0.20 0.761579055
rnpB 29119 38568 0.41 0.981697981
rsexX 21 0 1
rttR 124 6364 5.68 0
rybA 319 397 0.32 1
rybB 32 24 -0.42 1
rydB 6 23 1.94 1
rydC 12 58 2.27 0.005597505
ryeA 3284 847 -1.96 7.88E-06
ryfA 250 1085 212 2.50E-05
ryfD 8359 3201 -1.38 0.079107831
ryhB 26 11 -1.24 0.298226082
ryjA 21 134 2.67 6.42E-06
ryjB 39 77 0.98 0.433041826
sdhX 20 25 0.32 1
sdsN 180 244 0.44 1
sdsR 6022 1776 -1.76 7.71E-05
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sgrS 126 37 -1.77 0.001360036
sibA 862 200 -2.11 8.55E-09
sibB 352 87 -2.02 6.93E-06
sibC 398 174 -1.19 0.014174204
sibD 203 719 1.82 0.000215777
sibE 123 142 0.21 1
sokB 354 130 -1.45 0.028039149
sokC 142 109 -0.38 0.575376253
sokE 5 48 3.26 6.20E-16
sokX 12 7 -0.78 1

spf 1745 4469 1.36 0.056610913
sraB 500 1468 1.55 0.016646943
sraG 304 613 1.01 0.21086378
SroA 49 91 0.89 0.585956095
sroC 127 362 1.51 0.03093173
sroE 72 140 0.96 0.666485701
sroH 457 581 0.35 1
ssrA 81412 28387 -1.52 1
ssrS 130260 76427 -0.77 1
symR 33 38 0.20 1

tff 3971 5220 0.39 0.981270272
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CHAPTER 5: Conclusions and Future Directions

In this thesis | studied the class of RNA called rancRNAs in E. coli with the aim to expand the
fundamental knowledge of rancRNAs in bacteria. Firstly, | identified six previously uncharacterized
rancRNA candidates from annotated sRNAs (arcZ, omrB, rprA, rttR, rybA, and tpke11) that associated with
ribosomes (Figure 3.3, Table 3.4). Subsequently, | determined dissociation constants for five of the six
candidates (arcZ, omrB, rprA, rttR, and rybA) to 70S ribosomes and 50S/30S ribosomal subunits, revealing
that most bind with nanomolar affinity (Figure 3.6, Table 3.5). Using a reconstituted, coupled in vitro
transcription-translation system, | observed that all candidates have minimal effects on protein synthesis,
with the exception of omrB (Figure 3.7). rttR also does not appear to influence global translation in vivo
(Figure 3.8). Using mass spectrometry can aid in determining if rttR regulates the translation of specific
mRNAs. Additionally, determining a specific binding location for rttR on the ribosome biochemically by
ultraviolet cross-linking and structurally using, for example, cryo electron microscopy will provide further

insights into the mechanism of action for rttR.

| also conducted my own RNAseq study where | sequenced sRNAs isolated from 70S, 50S, and
30S ribosomes and subunits from cells grown under tetracycline, minimal medium, and hyperosmotic stress
(Figure 4.3). | identified a total of 14 ncRNAs across all conditions and samples through DESeq2 analysis
and 70 significantly enriched or depleted ncRNAs across all conditions and samples, including eight non-
annotated transcripts, using Rockhopper (Tables 4.1, 4.2). Further in silico studies will be conducted on the
non-annotated transcripts based on the pipeline established in chapter 3, followed by experimental
validation to determine if these are true ncRNAs, specifically rancRNAs. Additionally, | observed a shoulder
peak in the 30S region in the tetracycline stress condition that has not been characterized previously (Figure
4.3). My sequencing data provides some of the first insights into the composition of this peak. Investigating

this is beyond the scope of my thesis.
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